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Abstract

The possibility of a quantum computer continues to grow as arrays at the tens of quan-

tum bits (qubits) level have been demonstrated. With an operational quantum computer

comes access to computations infeasible today with the largest supercomputers; however,

to achieve a computer at fault-tolerant levels, millions of qubits are necessary. Since most

qubit platforms require complicated technologies to induce extreme environments like high

vacuum, used to isolate the system, and cryogenic temperatures, used to minimize thermal

excitations, scaling to the million-qubit level will be nontrivial. Thus, thought and effort

must be put towards systems that have the potential to scale up.

Electrons or holes in semiconducting quantum dot qubits provide a promising path for-

ward. They are very similar to the billions of transistors found in each smart phone used

today, and are therefore quite small and have the possibility for large-scale industrial fabri-

cation. Full understanding and sensitive readout of qubit levels are important requirements

of any qubit architecture, but particularly in nanometer scale quantum dots which are highly

sensitive to the material and electric potential landscapes of the operating device.

This thesis presents methods of readout enhancement and characterization of two-electron

states in Si/SiGe quantum dot devices. The work focuses on the quantum dot hybrid qubit

(QDHQ), a qubit encoding combining charge and spin states of electrons shared between two

quantum dots. It presents a tunable latched readout protocol which maps a spin-like qubit

state onto a metastable charge state, providing increased readout sensitivity and control

over the measurement sequence. Next, there is a discussion of the tunability of the QDHQ
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energy, including Ramsey spectra at various tunings measured using the latched protocol.

Then, the latched technique is used in coherent measurements of two-electron states in

the Wigner molecule regime, where strong electron-electron interactions soften the excited

state spectrum. Finally, this work demonstrates an enhancement in transmission through a

superconducting readout resonator in the presence of a double-dot-detuning drive, and uses

this enhancement to perform excited-state readout of a QDHQ. This readout additionally

acts as a spectroscopy of the singlet-triplet splitting in each quantum dot.
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Chapter 1

Introduction to Quantum Computing

1.1 The quantum bit

Though the first proposals for a quantum computer surfaced in the 1980s and 1990s [1–6], and

research funding began distribution in the early 2000s, the field has gained momentum in the

last 5-10 years with the help of government and private funding, national and international

collaboration, and expanded education of a growing workforce. The technology is centered

around the idea of the quantum bit, or qubit, as compared with a classical bit. All computers

today, from a smart phone and laptop to a supercomputer, operate using classical bits

which can take the binary values of 0 or 1. Qubits instead take advantage of the quantum

mechanical properties of superposition and entanglement, both of which are what make the

possibility of a real quantum computer so promising.

Superposition allows the qubit state to not only be in 0 or 1, but in some probabilistic

linear combination of both values. The qubit’s value, or wave function, can then be defined

as |ψ〉 = α|0〉 + β|1〉. Since each classical bit can only hold one finite value, 5 classical

bits will only hold 5 pieces of information. However, the information storage of N qubits is

exponential like 2N so that 5 qubits can hold 25 = 32 pieces of information. Moving from

5 to 32 may not seem like such a large jump, but with 100 qubits, the gain is from 100 to
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1.27 · 1030, which is quite clearly beneficial.

Entanglement is a phenomenon where multiple qubits can be correlated in such a way

that the total quantum state of all the qubits cannot be described in terms of the states of

each individual qubit. When considering two qubits A and B, each in superposition states

of |ψ〉A,B = 1√
2
(|0〉A,B + |1〉A,B), the unentangled system is given by:

|ψ〉A ⊗ |ψ〉B =
1

2

(
|0〉A ⊗ |0〉B + |0〉A ⊗ |1〉B + |1〉A ⊗ |0〉B + |1〉A ⊗ |1〉

)
,

simplified as |ψAψB〉 = 1
2

(
|00〉 + |01〉 + |10〉 + |11〉). Note how the combined, unentangled

state formed from two qubits in maximum superposition states contains all four possible state

combinations. Conversely, the four maximally entangled Bell states [7] |Φ±〉 = 1√
2
(|00〉±|11〉)

and |Ψ±〉 = 1√
2
(|01〉 ± |10〉), cannot be generated from two individual qubit wavefunctions.

These correlations persist even as the qubits are separated so that a measurement of one qubit

which collapses the wavefunction will determine the state of the other qubit. This is true

even if the qubits are separated far enough and measured fast enough that the information

transfer from one location to the other would need to travel as much as four times the speed

of light, as experimentally demonstrated in Ref. [8]. Thus, quantum entanglement allows for

advances like quantum communication and information transfer.

While some of the important applications of quantum computers will require millions of

qubits [9], and even reaching the 100-1000 qubit limit is a challenging task, recent progress in

the superconducting qubit community has allowed for a breach of the 50 qubit limit [10,11]

and demonstration of quantum supremacy [10], albeit on a specifically constructed problem.

Though the path from 50 to 1000 or 1 million qubits may not be easy, there is strong

motivation from a range of fields to keep efforts going. For example, an array of qubits can

efficiently model a quantum system by initializing the array in a desired starting state and

letting it evolve over time [12,13]. This type of modeling will be very beneficial for studying

the behavior of large numbers of particles, and can be used for understanding current or new



3

materials as well as chemical interactions like those between molecules in our bodies and

new pharmaceuticals.

In addition to modeling, there are specific algorithms proposed with which a quantum

computer will have a large advantage over a classical computer. One example is Shor’s

algorithm for integer factorization [14]. For some number N with d digits, which is a product

of two prime numbers p and q, N = p ∗ q, it is incredibly difficult and time consuming

classically to find what p and q are, even using the most powerful supercomputers. The

most efficient algorithm can find the solution with the run time on order e(logN)1/3(loglogN)2/3

for integer N with digits d, with the record number of digits d = 250 [15]. However, using

Shor’s algorithm, the problem can be solved on order (logN)2(loglogN)(logloglogN), no

longer an exponential growth. This may not seem readily useful, but in fact the RSA public-

key cryptosystem which is used for safe transfer of data relies on the hardness of the prime

factorization problem. Given how much of our personal data is transferred over the internet,

moving past the RSA cryptosystem to something quantum-secure will become increasingly

important.

Another example is Grover’s algorithm for unstructured search [16]. This algorithm

essentially allows for the retrieval of some value x in a list of span N, or in other words

computes the inverse of some function f(x) to find the value x for which f(x) = a. Using

classical operations, this search will at maximum take N operations by looking at every item

in the list; if only 50% accuracy is desired, it could be reduced to N/2. Using a quantum

computer instead would allow for solving the problem in
√
N operations, a great increase in

computational speed as compared to a classical computer.

1.2 The Bloch sphere

To fully understand the power of the qubit as compared to the classical bit, it is useful to

visualize a quantum state |ψ〉 using a Bloch sphere, where the poles of the sphere will be |0〉
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and |1〉. Fig. 1.1 depicts a Bloch sphere, with coordinates x,y,z, and quantum state |ψ〉 =

α|0〉 + β|1〉. Since α and β are normalized to 1, |ψ〉 is confined to always live on the Bloch

sphere’s surface. Thus, it can be useful to instead discuss the state in terms of spherical

coordinates, where α = cos(θ/2) and β = eiφsin(θ/2).

Using the spherical definition, it is clear that basic qubit operations can be depicted as

rotations around various axes of the Bloch sphere. For example, changing the qubit from

entirely |0〉 (β = 0) to entirely |1〉 (α = 0) involves rotating around the x-axis by θ = π.

Thus, this process is called an X-rotation or X gate. If instead it is necessary to accumulate

a coherent phase of the qubit at an equal superposition, a rotation around the z-axis at the

sphere’s equator is required. This is achieved with θ = π/2 and changing φ, and is called

a Z-rotation or Z gate. Using combinations of θ and φ, it is therefore possible to place ψ

anywhere on the surface of the sphere, allowing for gates of more arbitrary nature around

some axis N. In linear algebra, two unique vectors will span an entire two dimensional space,

meaning any arbitrary vector can be created with linear combinations of two unique vectors.

Similarly, two unique axis of rotation allow for complete control of the Bloch sphere and the

qubit state.

x

z

y
✓

�

|0⟩

|1⟩

|ψ⟩ |ψ⟩ = α |0⟩ + β |1⟩
α = cos(θ/2)
β = eiϕsin(θ/2)
|α |2 + |β |2 = 1

Bloch Sphere

x

z

y

|0⟩

|1⟩
X - rotation

x

z

y

|0⟩

|1⟩
Z - rotation

x

z

y

|0⟩

|1⟩
N - rotation

n

Basic logical gates

1
2

( |0⟩ + eiωt |1⟩)
cos(gt) |0⟩ − isin(gt) |1⟩

Figure 1.1: The superposition of two quantum states, |0〉 and |1〉, can be represented by
positions on the surface of a sphere, called the Bloch sphere. |0〉 and |1〉 will be the poles
of the sphere, and the linear combination of the two, |ψ〉 = α|0〉 + β|1〉 brings you to a
certain point on the sphere. To place the qubit in such a position, and thus form a qubit for
viable use in a quantum computer, two-axis control of the Bloch sphere is needed. This can
be achieved through basic logical gates like X and Z rotations, or else some combination of
more arbitrary gates around an axis N.
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1.3 DiVincenzo criteria

Although measurement of a single qubit is an amazing scientific feat, it alone will not be

sufficient to actualize a quantum computer. This actualization can occur if a set of five

requirements, as proposed by DiVincenzo [17], are met. These criteria have been useful to

compare various qubit platforms or highlight areas which must still be addressed in order

for a subfield to progress. The criteria are as follows:

1. Scalable, well defined qubits: As described above, a full scale quantum computer

will need millions of qubits. This is well beyond the limit where each qubit can be

independently tuned in the lab by some graduate student according to the qubit’s

unique characteristics. Instead, the qubits must be repeatable, well understood, and

it must be feasible to get the qubit array to the million qubit level. At the single

qubit level, there are specific parameters which must be known for the qubit to qualify

as ‘well defined’. These include: the internal Hamiltonian of the qubit; the presence

of other states within the device, and the probability of leaking into said states; and

couplings to other states, other qubits, and external fields.

2. Initialization into a known state: As is common in classical computing, it is

important for the qubit array to be able to be initialized into a known value before

starting a new computation. It is additionally required for quantum error correction

to periodically have arrays of qubits reset to a known state, such as |0〉 [18–20]. This

initialization can be achieved by waiting for some decay process between an excited

and ground state, by pumping or driving the system into the desired state, or by

measurement projection into a desired state. The various methods will each have

constraints, but in general it will be important for error correction to be able to initialize

the system quickly in comparison with qubit decoherence times.

3. Decoherence compared with gate times: The decoherence time of a qubit puts

a bound on how long the qubit can be used before it’s information is lost. The de-
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coherence properties will depend on the qubit’s interaction with its environment and

the choice of the qubit’s basis states. The goal is of course to have as many qubit

operations as possible within the decoherence time limit; it is estimated that, using

error correction schemes, a decoherence time 104−105 times longer than the gate time

will be viable [21]. This can additionally be addressed using error correction, where

fault-tolerant computing can be achieved as long as the computational error rates are

below a certain threshold, as discussed in Ref. [22].

4. Universal gate set: Similar to classical computation, where the logical gate NAND

can be used to generate any other logical gate, it is important to have a method to

generate all desired quantum gates. This can be achieved with two-axis control of each

single qubit, and two qubit gates of just one type such as a cNOT gate. From these

two requirements, all other more complex gates can be generated; of course, that may

not always be the most efficient method. The rather flexible requirements on the types

of gates are important, as each qubit system will be subject to it’s natural gates and

two-body interactions.

5. Qubit specific readout: With a large array of qubits, the ability to read out each

qubit individually with high accuracy is crucial. Since a measured qubit value will be

stored as a classical bit after computation, quantum algorithms should end with all

the measured qubits as |0〉 or |1〉. Perfect accuracy of the qubit state after a single

measurement would indicate 100% quantum efficiency; however, that level of efficiency

is not physically possible. Instead, a more realistic solution is to have relatively high

efficiency (i.e. in the high 90% limit), in conjunction with repeated measurement to

increase confidence in the qubit’s state before transferring it to the classical bit.

In addition to the five criteria for a large scale quantum computer listed above, there are

also two additional criteria needed for quantum communication, an additional application of

quantum computing attractive for high security transfer of information over long distances
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(ie: secret key sharing). Both requirements involve flying qubits: qubits that will be trans-

mitted between two locations. Note that the optimal platform for these flying qubits will

almost surely be different from that of the local, stationary qubits, and will likely make use of

optical fiber technology to encode the qubits as photons [23,24]. The two necessary criteria

for these flying qubits to be used for quantum communication are:

1. Interfacing stationary and flying qubits: If there are indeed different qubits

used for transmitting the information and for local processing, it will be necessary

to interface the two types of qubits and transfer information between them.

2. Faithful transmission of flying qubits between specfied locations: A key re-

quirement of flying qubits will be successful transmission within the qubit’s decoherence

time. This is of course why optical fibers and photons are so attractive, as they will

essentially be the fastest mode of transportation available.

Of course, even if these requirements are met, the problem of quantum computing requires

addressing not only the qubit systems themselves, but the hardware, control, compilers,

libraries, and algorithms. This ‘quantum computing stack’ or ’full stack’ is summarized in

Ref. [25]. It is sophisticated development of all of these technologies that will allow for a full

scale quantum computer.

1.4 Thesis outline

This thesis covers a range of experiments using two Si/SiGe quantum dot devices, all of

which were performed at the University of Wisconsin-Madison. Although the techniques

vary between experiments, they were all focused on characterization and manipulation of

multi-electron double quantum dots in regimes at or similar to the quantum dot hybrid

qubit (QDHQ).

Chapter 2 outlines a tunable latched readout protocol for the QDHQ which allows for

the mapping of spin states onto charge states at a longer time-scale and higher charge
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sensitivity than traditional charge-mapped readout. The chapter starts with an introduction

of semiconducting quantum dots and then compares the QDHQ to charge and single-spin

qubits. Next, latched readout for a QDHQ is introduced, explaining the relevant tunnel

rates and highlighting the ‘readout zone’ typical in a charge stability diagram. Tuning of the

relevant tunnel rates into the necessary regime is demonstrated, and the chapter concludes

with Rabi and Ramsey measurements of a QDHQ achieved with latched readout.

Chapter 3 discusses in detail the range of relevant Hamiltonian parameters that impact

the QDHQ energy dispersion and how they translate to changes in the dispersion slope and

curvature. Beginning with an explanation of the QDHQ dispersion, the dependence of the

dispersion, slope, and curvature on changes in the relevant tunnel couplings is plotted. This is

followed by a discussion on the importance of the dispersion’s slope and curvature for single

and two-qubit gates, and presentation of Ramsey data taken with three different energy

dispersions. To compliment the above discussion, the last part of the chapter introduces

an additional level to the QDHQ Hamiltonian and discusses the consequences with respect

to both energy dispersions. This expanded Hamiltonian will be relevant for the following

chapter.

Chapter 4 presents Rabi and Ramsey data of a QDHQ-like system where not one but 8

different transitions were coherently manipulated; this phenomena is explained with strong

electron-electron interactions and Wigner molecule physics. Rabi and Ramsey data for two

transitions is demonstrated first, followed by Rabi measurements at a third microwave fre-

quency producing not one but two on-resonant Rabi oscillations. The chapter then introduces

the Wigner molecule limit, where the electron-electron interaction energy is larger than the

orbital confinement strength, and produces a similar density of states to those experimen-

tally measured using tight-binding and FCI calculations. The chapter ends by plotting all of

the seemingly separate Rabi and Ramsey data on a plot with energy dispersions of a 6-level

Hamiltonian to good agreement when considering excitations from both the ground state

and a low-lying excited state. After the main text, there is supplementary material which
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includes additional data, and details of both the simulations and experimental methods.

Chapter 5 highlights measurements on a quantum dot chip which is connected to a sep-

arate superconducting resonator chip, presenting evidence of an enhanced coupling mech-

anism of the quantum dots to the cavity and demonstrating excited state spectroscopy of

the singlet-triplet levels used in a QDHQ. The chapter first includes a quick introduction on

dispersive readout. Next, data is shown explaining an enhanced coupling effect of the dou-

ble quantum dots to the cavity produced by driving one of the quantum dots at the cavity

frequency. Singlet-triplet spectroscopy of the double dot system, using the enhanced regime,

is explained and data is presented. Finally, the chapter outlines a proposal for reducing the

high-frequency cabling requirements for this and similar systems.
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Chapter 2

Latched readout of a quantum dot

hybrid qubit

This chapter describes a method for qubit readout in a quantum dot hybrid qubit using

a latching process to hold the system in a metastable charge state, increasing the charge

sensitivity and reducing bandwidth constraints of the system. First, semiconductor quantum

dots are introduced, and the operation of a double-quantum-dot system is explained. This is

followed by a brief explanation of basic types of qubits one could form in a quantum dot, and

then an explanation of the quantum dot hybrid qubit (QDHQ), which is the qubit encoding

used throughout the rest of this thesis. The second half of this chapter explains the benefits

and protocols for implementing latched readout of a QDHQ, and demonstrates Rabi and

Ramsey measurements performed using this readout method.

2.1 The quantum dot hybrid qubit

2.1.1 Semiconducting quantum dots

Forming qubits based on electrons within semiconducting quantum dots was proposed by

Loss and DiVencenzo in 1998 [26], and has since been pursued by research groups across the
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world realizing both single [27–33] and two qubit gates [34–40]. Although there are various

types of qubit definitions depending on the total number of electrons or quantum dots per

qubit, whether there is an applied magnetic field, etc, the general device structure is fairly

similar. Starting with a semiconducting material stack, a 2D electron gas (2DEG) or 2D

hole gas (2DHG) is generated, confining the particles to a 2D plane. Metal structures called

gate electrodes (or gates) are deposited on top of the materials stack, on which positive or

negative voltages can be applied relative to the 2DEG or 2DHG. These voltage values control

the electric potential landscape that the carriers experience. This work is focused entirely on

electrons, and so those carriers are in a 2DEG. Early Si/SiGe quantum dots used Schottky

top gates [41,42] and more recently top gates are fabricated on top of an oxide layer.

A schematic side-view of a commonly used overlapping structure [43, 44] is shown in

Fig. 2.1(a). Positive voltages are applied to plunger gates (P) to attract electrons beneath

them, forming an electric potential well called a quantum dot. Barrier gates (B) influence

the ability for electrons to tunnel into or out of the potential well by raising the barrier

(with a more negative voltage on B) or lowering the barrier (with a more positive voltage).

Reservoir gates sit on either side of the channel and have positive voltages to accumulate

the 2DEG, forming the electron reservoir from which electrons can tunnel into the quantum

dots. Screening gates sit below most of the length of the plunger and barrier gates in order to

suppress any 2DEG accumulation in unwanted regions and protect against spurious quantum

dots or leakage channels. A small length of the plunger and barrier gates (∼ 50− 100nm) is

left unscreened by the screening gates in order to define and control the quantum dots.

Fig. 2.1(b) shows a schematic of the electric potential wells of two coupled quantum dots,

with one electron in the left dot (L) and two electrons in the right dot (R). Tunneling from

a reservoir to a quantum dot requires the chemical potential of an energy level (typically

the ground state) within the quantum dot to be lower than the fermi level of the reservoir.

Conversely, when the chemical potential of an occupied quantum dot is raised above the

fermi level of a nearby reservoir, the electron within the quantum dot will empty out into
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Figure 2.1: (a) Schematic of a semiconducting quantum dot device with overlapping gate
architecture, with a DQD formed in the 2DEG. (b) Schematic of a tunnel-coupled, three-
electron DQD where each dot has independent tunneling to its own reservoir. ΓL,R indicate
tunneling to the left and right reservoirs, and ∆ indicates tunneling between the quantum
dots. (c) A charge stability diagram for two quantum dots under two plunger gates, PL
and PR, where ∆ → 0 and there is no cross-capacitance, meaning only voltage changes on
the PR gate control the chemical potential of the right dot, and visa versa. This situation
is unphysical but helpful to consider first. (d) A similar charge stability diagram, now
with realistic cross-capacitance and finite ∆. The cross capacitance is seen in the slopes of
the transitions since now voltage changes on both gates PL and PR impact the chemical
potential on both dots. The tunnel coupling appears as the introduction of the yellow
interdot-transition lines, or polarization lines, indicating movement of an electron between
two quantum dots while conserving the total number of electrons in the DQD.

the reservoir. The double-dot detuning ε defines the relative difference in chemical potential

between the quantum dots. For the case of three shared electrons shown in Fig. 2.1(b), where

one quantum dot always has two electrons and the other has one, the charge configuration

can either be (2,1) or (1,2) with notation convention (NL, NR). When ε is changed such

that the chemical potential of L is lower than that of R, the configuration will change from

(1,2) to (2,1) with tunnel rate ∆. Thus, by changing the level of a quantum dot’s chemical

potential, one can control the total number of electrons on the dot. This is done by changing

the voltage on the plunger gates above the quantum dots. By sweeping the gate voltages and

measuring changes in the electron occupation on the dot, these devices are able to empty

the quantum dots and selectively load one electron at a time.

If the system is equipped with a charge sensor, which measures the total amount of charge
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on each quantum dot [45–47], or a dispersive readout circuit, which measures movement of

electrons within a certain bandwidth [48–50], then measuring these charge sensitive responses

while sweeping the gate voltage on the gates which control the respective quantum dot

electron occupation will generate a plot called a charge stability diagram. Fig. 2.1(c) shows

a schematic of a charge stability diagram in the ideal case where only gate PL (Plunger L)

controls the left dot, only gate PR controls the right dot, and there is no tunnel coupling

between the two dots. As the voltage on PR VPR is increased, the three vertical lines

orthogonal to the VPR axis indicates adding three electrons sequentially into the right dot,

and similarly for the three horizontal lines orthogonal to the VPL axis with respect to the left

dot. This is enumerated by the coordinates in each rectangular region, so that moving across

the plot in Fig. 2.1(c) at constant VPL will bring you from (NL, 0) to (NL, 3), etc. However,

it is nearly impossible to create devices where voltage changes on one gate, for example PR,

do not have any impact on a nearby dot that is not its own, for example the left dot. This

influence is called cross-capacitance, and results in transition lines that are not orthogonal

to the gate axes but rather slanted at an angle, as shown in Fig. 2.1(d). The dot is typically

attributed to the plunger which has the larger influence, the axis with respect to which a

transition line is most orthogonal.

Finite tunnel coupling ∆ between the left and right quantum dots is included in Fig. 2.1(d)

as yellow lines between regions of conserved total number of electrons, for example between

(2,1) and (1,2). These lines represent an interdot transition, and are called polarization

lines. Polarization lines are essentially equipotential lines; along the polarization line, ε =

0 and electrons are equally likely to be in either charge configuration. The detuning axis is

then defined to be orthogonal to the polarization, typically with positive ε favoring the right

quantum dot.

More in depth description of quantum dot physics can be found in Refs. [51–53].
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2.1.2 Charge, spin, and quantum dot hybrid qubit descriptions

When operating in a device with a tunable electric potential landscape, as described above,

there are many different qubit platforms that have been investigated, with varying numbers

of quantum dots and electrons. The two most basic types of qubits one could imagine would

be a charge qubit and a single spin qubit. A schematic for a charge qubit is shown in

Fig. 2.2(a), where the qubit is formed with an electron shared between two coupled quantum

dots. The two-level system is then defined by the electron either being in the right quantum

dot or the left quantum dot so that |0〉R = |R〉, |1〉R = |L〉, and similarly |0〉L = |L〉, |1〉L
= |R〉. Charge qubits have been experimentally realized [54–56], and are attractive because

they require only an ac electric field to drive qubit rotations. However, the energy levels are

such that the qubit is highly sensitive to electrical field noise everywhere except the center

of the polarization line, where a sweet spot is formed when ε = 0.

Another qubit definition, described in Fig. 2.2(b), is the Loss-DiVencenzo single spin

qubit, which requires only one electron in one quantum dot to operate. In this system, a

global magnetic field is applied so that the qubit levels are defined by the Zeeman splitting of

the electron spin with respect to the global field, |0〉 = | ↓〉,|1〉 = | ↑〉. In order to rotate the

spin of an electron from one orientation to another, an oscillating magnetic field is required.

In addition, for more than one spin qubit it is necessary to be able to address each qubit

individually, and therefore have slightly different resonant frequencies; this can be achieved by

imposing a magnetic field gradient or tuning different g factors between dots. Such tuning can

be achieved in materials with large spin-orbit coupling like GaAs [52] and Ge [57], or through

the stark shift [36], with ac magnetic field generated by an ESR line [27, 30]. Alternatively,

a micromagnet micromagnet [58,59] can be used to induce magnetic field gradient. Because

there is no charge-like component to this type of qubit, they are less sensitive to charge

noise in the system and thus have been proven to be quite coherent [60, 61]. However, the

qubit oscillations can be slow as compared with the charge qubit. An in depth comparison

of experimental qubit coherence and operation times in semiconducting quantum dots can
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Figure 2.2: (a)Schematic of a charge qubit where a single electron is shared within a DQD.
|0〉 (|1〉) is defined by the electron being in the left (right) quantum dot. (b) Schematic
of a Loss-DiVencenzo single spin qubit, where an electron is in a single quantum dot with
an applied magnetic field. |0〉 (|1〉) is defined by the spin of the electron being parallel
(antiparallel) to the B-field. (c) Schematic of a quantum dot hybrid qubit (QDHQ) which
has three electrons shared within a DQD. |0〉 (|1〉) is defined by the two electrons in the
doubly occupied quantum dot being in a singlet (triplet) state. (d) Schematic showing all
of the relevant tunnel couplings in a QDHQ, where tunneling can occur between the two
ground states (∆1), two excited states (∆4), and between ground and excited states (∆2,3).
ε represents the double-dot detuning, the relative difference in chemical potential of the two
quantum dots. EL,R are the singlet-triplet splittings in the left and right quantum dots. (e)
Eigenvalues of the QDHQ Hamiltonian. The qubit can be formed in the (1,2) configuration,
using ER to define the qubit energy, or the (2,1) configuration, using EL.

be found in Ref. [62].

The final type of qubit described in Fig. 2.2(c-e) is the quantum dot hybrid qubit

(QDHQ), which consists of three electrons shared between two coupled quantum dots [33].

With this configuration, the qubit is formed in the doubly occupied quantum dot with the

qubit splitting governed by the singlet-triplet splitting. A qubit formed in the (1,2) charge

configuration is schematically drawn in Fig. 2.2(c) with qubit levels |0〉R = | ↓〉|S〉 and |1〉R
=
√

1
3
| ↓〉|T0〉 -

√
2
3
| ↑〉|T−〉 [63]. This qubit is referred to as a “hybrid” qubit because the

qubit levels have both charge and spin like components to them, making it a combination of

the two types of qubits described in Fig. 2.2(a,b).

The singlet-triplet splitting for a two-electron dot is governed by the lowest excited state

energy. In silicon or Si/SiGe devices, that lowest excited state energy is the valley splitting,

resulting from silicon’s conduction band degeneracy [53]. In Si/SiGe, this value has been
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measured to be ∼50-150 µeV [64–70]. In Si-MOS devices, these values can be higher, ∼100-

800 µeV [71,72]. In both Si/SiGe and Si-MOS quantum dots, disorder at the interface couples

valley states to orbital states, and thus in both cases a more detailed understanding involves

considering both degrees of freedom on equal footing [73]. In other material structures where

there are no valley splittings, the excited state energy will be decided by the orbital splitting.

This energy is directly related to the size and shape of the quantum dot and can typically

range from 1-5meV [69, 74]. Though for other types of qubits, like the charge and Loss-

DiVencenzo qubits, it is preferred to have excited states high enough in energy to be ignored

as compared with the qubit levels, for the QDHQ it is desirable to have the singlet-triplet

splitting in an energy regime small enough (∼40 µeV ) to address with common microwave

electronics. The QDHQ has thus been realized in GaAs devices by tuning the orbital energy

small enough as to be accessible [75,76].

Due to the presence of low-lying excited states in the qubit definition, tunnel rates be-

tween all possible states must be considered. This is depicted in Fig. 2.2(d), where tunneling

between the two ground states (∆1), two excited states (∆4), and between ground and ex-

cited states (∆2,3) are shown. In most qubit operations, only ∆1 and either ∆2 or ∆3 will

be relevant, depending on the singlet-triplet splitting being used.

Fig. 2.2(e) plots the eigenvalues of the QDHQ Hamiltonian as a function of ε. The qubit

levels are the dark (|0〉) and light (|1〉) teal lines. There are four anticrossings corresponding

to the four different tunnel rates shown in Fig. 2.2(d). Here we can start to see the charge and

spin like nature of the QDHQ. Near ε = 0, the ground and excited state energies diverge with

opposite slopes. This looks very similar to the energy levels of a charge qubit, and indicates

that in this region, the ground and excited states have different charge configurations. At far

positive (negative) detuning, the excited state energy level rolls over and becomes parallel

with the ground state with energy splitting ER (EL). In this regime, both the ground and

excited states have the same charge configuration, and the qubit states are entirely spin-

based.
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The charge-like nature of the qubit allows for qubit operations to be done with only an ac

electric field, and no magnetic field or field gradient is required [77]. The spin-like nature of

the qubit exhibited by the parallel levels at large ε allows for protection from noise manifested

as fluctuations in detuning, as the qubit energy changes very little for small variations in ε.

By changing ε, the total amount of charge and spin-like nature of the qubit can be tuned, so

that an ac operation can be done at a location with larger charge-like nature, and the qubit

can then be adiabatically transformed to a region with smaller charge-like nature to allow

for noise protection and greater coherence [78]. These types of sequences will be described

in more detail throughout the following chapters.

Since the qubit states can be adiabatically transformed from spin to charge-like, a natural

way to read out the qubit state is to map the spin states on the charge states, and measure

the charge occupation with a charge sensor. For this to be achieved, the main requirement

is that the singlet-triplet splitting in the quantum dot not used for qubit control must be

larger than the polarization line-width in order to resolve the charge projection. Looking at

Fig. 2.2(e), consider a qubit formed in the right quantum dot, with (1,2) charge configuration.

If a qubit operation is done at large positive ε such that the qubit is in the excited state,

this state can be transformed by adiabatically lowering ε, through ε = 0, to negative ε in

the region where the ground and excited energies are diverging. At this negative value of

ε, the ground state of the system is (2,1), and |0〉 thus has a charge configuration of (2,1),

while |1〉 maintains its charge configuration of (1,2). To get the maximum signal difference

between the two qubit states, it is best to have the levels be as charge-like as possible. This

makes asymmetric singlet-triplet splittings in the two quantum dots appealing; one dot with

a low splitting can be used for qubit operation, and one dot with a large splitting can be

used for charge projected readout [33,75,76].
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2.2 Latched readout of a quantum dot hybrid qubit

The work in this section comprises a manuscript in preparation [79].

As described above, semiconductor quantum dots are a uniquely flexible platform for

quantum information, where the combination of spin, charge, and orbital degrees of freedom

allows for a variety of qubit architectures [26,80,81]. The quantum dot hybrid qubit (QDHQ)

[33, 63] is one such architecture, where fast control is achievable due to the charge degree

of freedom, and long coherence times are enabled from the embedded spin encoding in the

logical states.

Many previous demonstrations of the QDHQ involve projection of the logical basis onto

distinct charge states that are distinguishable by a nearby charge sensing dot [33,75,76]. For

example, after manipulation, the logical states |0〉 and |1〉 are projected onto the (2,1) and

(1,2) charge states, respectively, by adiabatically ramping the detuning of a double quantum

dot. In this configuration, the excited charge state (1,2) can decay rapidly [82], setting the

required readout bandwidth and making robust readout challenging.

In this Letter, we demonstrate a latched readout process where the excited charge state

of a QDHQ is mapped to a tunnel-limited metastable charge configuration, extending the

decay time up to 2.5 ms. The QDHQ is operated in the (4,1)-(3,2) charge configuration, and

makes use of the (3,1) charge state to perform readout. The 5-electron QDHQ allows for a

latched readout window that is larger and more tunable than other 3-electron configurations

in silicon, because the size of the readout window is determined by the orbital splitting rather

than the valley splitting.

2.2.1 Characterization of the multi-electron orbital splitting in a

double-quantum-dot

Fig. 2.3 shows spectroscopic and electrostatic characterization of a 5-electron double quantum

dot. Fig. 2.3(a) is a scanning electron miscroscope image of a nominally identical device to
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Figure 2.3: (a) False-colored scanning electron microscope image of a nominally identi-
cal device. A double dot is configured beneath plunger gates P1 and P2 (blue) near the
(4,1)-(3,2) charge anticrossing. Barrier gates B1 and B2 (yellow) are used to control the
tunnel coupling in and out of the P1 and P2 dots. (b) Stability diagram of the (4,1)-(3,2)
anti-crossing where the 5-electron quantum dot hybrid qubit (QDHQ) is operated. (c) Mea-
surement of the multi-electron orbital splitting (E∗orb) where electron-electron interactions
have suppressed the orbital splitting from the single-electron value. (d) Enhanced readout
of the 5-electron QDHQ is enabled by using a latched readout scheme. The latched readout
window is shown as the colored triangular regimes. The size of the readout window is based
off of the multi-electron orbital splitting which is shown to be highly tunable in the inset.

the one measured here. The device is fabricated using a three-layer overlapping aluminum

gate fabrication process as described in Ref. [83]. Gates that are integral to the experiment

are false-colored. The sensor dot M1 is false-colored in green, the two plunger gates defining

the double quantum dot are blue, the barrier gates controlling the tunnel rate between the

dots and to the electron reservoirs are shown in yellow, and the screening gate S3 which is

used to tune the orbital confinement of the dots is teal.

Figure 2.3(b) shows a charge stability diagram of a double quantum dot beneath gates

P1 and P2, measured in the (NP1, NP2)→ (4,1)-(3,2) regime via lock-in amplifier detection.

By working in the (4,1)-(3,2) charge configuration, the first excited state in the P1 dot
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(containing four electrons) is orbital-like such that two electrons fill the ground and first

excited valley state [71,84,85]. Fig. 2.3(c) shows a pulsed-gate spectroscopy measurement of

the multi-electron orbital splitting (E∗orb) in the P2 quantum dot, measured to be between

approximately 200–500 µeV. This is found to be significantly larger than the valley splitting

in the two-electron regime, measured to be between 25–60 µeV [70]. Such small valley

splittings would make charge-mapped readout difficult by limiting the window in which the

qubit eigenvalues have different charge signatures. By simply adding two electrons to one

of the quantum dots, the size of the readout window can be increased in devices where the

valley splitting is small.

The multi-electron orbital splitting is also found to be highly sensitive to changes in the

screening gate voltages, enabling tunability of the latched readout window. Fig. 2.3(d) shows

how the multi-electron orbital splitting relates to the size of the latched readout window.

The location of the latched readout window within the charge stability diagram is defined

by the region where, simultaneously, the (3,1) charge state is lower in energy than the (3,2)

charge state and the (3,2) ground state energy is lower in energy than the sum of the (4,1)

ground state energy and the (4,1) multi-electron orbital splitting. This region is shaded

gray in Fig. 2.3(d). The gradient of the shaded region is representative of the multi-electron

orbital splitting measured at varying electrostatic configurations shown in the inset. Using

the screening gate S3, the orbital confinement of a quantum dot can be tuned in situ as

demonstrated in Ref. [70,86].

2.2.2 Explanation and demonstration of the latched readout regime

Figure 2.4 demonstrates latched readout of a 5-electron QDHQ. Fig. 2.4(a) shows the QDHQ

energy eigenvalues, where the green and blue curves are the logical |0〉 and |1〉 states, re-

spectively, and the qubit is operated with positive double-dot-detuning (ε) with far-detuned

qubit energy given by the singlet-triplet splitting in the right dot (STR). After ac or dc ma-

nipulation at positive ε, the ε is adiabatically ramped to the latched readout region, shown
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Figure 2.4: Latched readout of a 5-electron quantum dot hybrid qubit (QDHQ). (a) The
energy eigenvalues of the qubit, where the logical |0〉 and |1〉 states are shown as the green
and blue curves, respectively. Latched readout is possible in the gray region as long as the
tunnel rate ΓR is faster than the decay rate from (3,2)g to (4,1)g. When this condition is
met, the (3,2) charge state is latched to the (3,1) charge state. (b) Measured response in the
charge sensor with a lock-in tone and Larmor pulse applied to gate P2. The bright yellow
response shows enhanced sensitivity in the latched readout regime. When the (3,2) charge
state tunnels into the (3,1) configuration, the (3,1) charge state persists until the tunneling
process ΓL occurs. ΓL can be tuned to be much longer than the decay rate from (3,2)g to
(4,1)g, enhancing the readout signal.

shaded in gray. If the qubit is in the logical |0〉 or |1〉 state, the resulting charge configuration

in the readout regime will be the (4,1)g or (3,2)g charge state, respectively. In this way, the

logical basis is projected onto a charge basis that can easily be measured via the integrated

charge sensing dot. Note that the decay from (3,2)g to (4,1)g does not require a spin-flip and

is therefore expected to be fast, similar to a charge qubit [56,82,87,88].

By incorporating a latching mechanism, enhanced readout is achieved, as demonstrated

in Fig. 2.4(b) using lock-in detection. In Fig. 2.4(b), the double dot is initialized in the

(4,1)g state by waiting within the the latching regime. Then, a Larmor pulse is applied,
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diabatically pulsing the detuning to the polarization line where the Hamiltonian suddenly

changes, populating the logical |1〉 excited state. After the Larmor pulse time, the detuning

is pulsed back into the (4,1) charge configuration. The fringes both within and outside of the

latched triangular region in Fig. 2.4(b) are indicative of Larmor oscillations resulting from

the applied pulse. When the readout position lies within the latched readout regime, the

charge-sensed signal is enhanced [54,89], as observed by comparing the bright yellow fringes

within the latched triangle to the blue ones outside the triangle in Fig. 2.4(b). Since the

charge sensor is more sensitive to changes in total number of electrons, the capacitive shift

for changes from (3,2) to (3,1) is larger than from (3,2) to (4,1).

In order for the latching mechanism to work successfully, the tunnel rate from (3,2)g to

(3,1)g, denoted as ΓR in Fig. 2.4, must be faster than the decay rate from (3,2)g to (4,1)g

(Γ1 = T−1
1 ). Once this condition is met, the latching time can be tuned in situ by changing

the tunnel rate from (3,1)g to (4,1)g, denoted as ΓL in Fig. 2.4.

2.2.3 Measurement of tunnel rates which meet the latched read-

out requirements

Fig. 2.5 shows measurement of ΓL and ΓR at a single electrostatic tuning that is well suited

for latched readout. For ΓL = ΓL1+ΓL2 there are two tunneling processes that contribute: the

tunnel rate from the reservoir to the left of the P1 quantum dot (ΓL1) and the cotunneling

rate from the right reservoir (ΓL2). Each of these tunnel rates are individually measured

using real-time detection of single electron tunneling events in and out of the P1 quantum

dot. A single time trace is taken where the position of the excess electron is mapped out in

real time by measuring the current through the charge sensor. Fig. 2.5(a) shows a sample

trace for 10 seconds where the higher (lower) current corresponds to the excess electron off

(on) the dot. The amount of time spent off the dot between each tunneling event is binned

and plotted in Fig. 2.5(b) as red squares. The data is then fit using the results from Ref. [90]

and plotted as the black line. From the fit, a tunnel rate of ΓL1 = 6 Hz is extracted.
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Figure 2.5: Measurement of tunnel rates ΓR and ΓL. (a, b) The tunnel rate between the left
reservoir and P1 dot (ΓL1) is measured by real-time detection of single electron tunneling
events and binning the amount of time the electron spends off the dot. The result is fit to
the black line, yielding a tunnel rate of less than 6 Hz. (c, d) The same technique is used to
measure the cotunneling rate from the gate reservoir into the P1 dot (ΓL2), where a faster
tunnel rate of 400 Hz is measured. Thus, the tunnel rate from the left reservoir into the P1
dot is negligibly slow. (e, f) At the same electrostatic tuning, ΓR is measured to be 9.8 MHz.
This is determined by applying a lock-in tone and a square pulse to gate P2 and measuring
the peak height of the lock-in response as a function of the square pulse frequency. ΓR is
purposefully made to be much faster than the other rates so that the tunneling event from
(3,2)g to (3,1)g occurs before the (3,2)g to (4,1)g decay. The fast ΓR causes the cotunneling
rate ΓL2 to be the dominant process for the tunneling process ΓL.

A similar procedure is used for extracting ΓL2, as shown in Fig. 2.5(c, d). Here, instead

of direct tunneling, cotunneling is the dominant process, yielding a cotunneling rate of ΓL2 =

400 Hz. The direct tunneling rate from the left reservoir is purposefully made to be much

slower than the cotunneling rate by lowering the voltage on gate B1. This maximizes the

latching time, which for this electrostatic tuning is 2.5 ms.

The cotunneling rate is affected by both the interdot tunnel rate tc and the tunnel rate

from P2 into the right reservoir (ΓR) [91]. The double dot system is set at an electrostatic

tuning that is realistic for QDHQ operation with a tunnel coupling of several GHz and a ΓR

that is set to be fast such that it is comparable to the decay rate Γ1. Fig. 2.5(e, f) shows
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the results of measuring ΓR. A lock-in tone and square pulse at frequency fp are applied to

gate P2 while measuring the amplitude of the lock-in signal as a function of the square pulse

frequency. This procedure is discussed in greater detail in Ref. [92]. The peak heights are

normalized and plotted as red squares in Fig. 2.5(f) as the pulse time τp = 1/2fp is varied.

The data is fit and shown as the black line, yielding ΓR = 9.8 MHz. Given these values,

single-shot readout of the QDHQ is possible in the future due to the long latching time of

2.5 ms.

2.2.4 AC manipulation of a QDHQ read out using the latched

scheme

Fig. 2.6 shows resonant microwave control of the 5-electron QDHQ using lock-in measured

latched readout. In Fig. 2.6(a), a stabilty diagram is measured with a Rabi pulse applied as

pictured in the right-hand-side inset. With this pulse, the double quantum dot is initialized

in the (4,1)g state and the detuning is adiabatically ramped into the (3,2)g charge regime.

A resonant microwave burst is applied for a time tRabi, populating the logical |1〉 state of the

QDHQ. The detuning is adiabatically ramped back into the (4,1)g configuration, where the

latching mechanism occurs by tuning the (3,2)g to (3,1)g tunnel rate to be faster than the

(3,2)g to (4,1)g decay rate. When this condition is met, enhanced readout is possible, shown

as the yellow triangular region in Fig. 2.6(a). The bright diagonal line within the triangle

indicates the location in detuning where the applied microwave is resonant with the qubit

energy.

Figure 2.6(b,c) shows Rabi and detuned Ramsey oscillations measured using latched read-

out. The Rabi measurement in Fig. 2.6(b) is performed by sweeping both the length of the

microwave drive and the position of the pulse sequence within the latched window, governed

by δVP2. In Fig. 2.6(c), Ramsey fringes are observed in the presence of the pulse sequence

shown in the inset. Here, two π/2 microwave bursts are separated by a dc detuning pulse,

which allows for efficient measurement of the characteristic Larmor oscillation frequency as
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Figure 2.6: Microwave-driven QDHQ using latched readout. (a) Latched readout zone with
a Rabi pulse applied, as shown in the Inset. The applied pulse height and microwave drive
are chosen to match the qubit energy at a location in positive detuning, and the latched
signal appears as a bright line within the triangular region. (b,c) Rabi and detuned Ramsey
oscillations driven with microwave frequency 10 GHz. The Inset in (c) shows the Ramsey
pulse sequence where two π/2 microwave bursts are separated by a dc detuning pulse.

a function of detuning [78,93]. The frequency of the microwave drive for both measurements

is 10 GHz. The oscillations seen in Fig. 2.6(c) are measured as a function of the dc detuning

pulse height and the wait time tRamsey at the top of the pulse. The parallel oscillations as a

function of increased δVP2 are characteristic of the asymptotic qubit energy of a QDHQ at

high detuning.

In summary, here we identify and experimentally measure key parameters necessary for

achieving latched readout, and demonstrate latched readout of a 5-electron QDHQ. The

tunnel rate from (3,2)g to (3,1)g is tuned to be faster than the (3,2)g to (4,1)g decay rate,

and the direct tunnel rate from (3,1)g to (4,1)g is tuned to be slower than the cotunneling rate.

These findings provide an important development for readout of QDHQs: the latched state

persists much longer than that of a typical charge-mapped QDHQ excited state, providing

a path for single-shot readout in the future. Additionally, cotunneling allows for latched
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readout of the QDHQ with only a single reservoir. Future implementations of QDHQs may

use this readout architecture for multi-qubit operation and readout.
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Chapter 3

Tunability of quantum dot hybrid

qubit energy levels

This chapter focuses on the energy level structure and energy level dispersion of the quantum

dot hybrid qubit (QDHQ), and their dependence on parameters like the double-quantum-dot

tunnel coupling or on the presence of other nearby levels. The chapter begins by describing

the energy eigenvalues of the QDHQ, and the importance of both the energy dispersion and

curvature on qubit performance and operation. Next, the dependence of QDHQ dispersion

and curvature on tunnel coupling is explored, discussing different regimes of operation and

presenting Ramsey measurements at different tunings. Finally, an additional energy level is

added to the QDHQ, and its impact as a function of tunnel coupling on the energy dispersion

is presented.



28

a

  (GHz)ε

En
er

gy
 (

G
H

z)
2Δ1

2Δ2

ER

-20 -10 0 10 20 30
-15

-10

-5

0

5

10

15

20   = 4 GHz,   = 6 GHz
  = 10 GHz
2Δ1 2Δ2
ER

-10 0 10 20 30
0

2

4

6

8

10

12

14

0 2010

0.1
0

0.2

-0.5

0.5

4

8

12

  (GHz)ε

C
ur

va
tu

re
Sl

op
e

D
is

pe
rs

io
n

E 0
1 

(G
H

z)
dE

01
/d

ε
d2

E 0
1/

d
2 ε

b

-10 0 10 20 30
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

-10 0 10 20 30
-0.1

0.0

0.1

0.2

0.3

Figure 3.1: (a) Energy eigenvalues versus detuning of a quantum dot hybrid qubit operated
in the right quantum dot, as seen in Fig. 2.2(e). (b) Energy dispersion, slope, and curvature
for the QDHQ, the two lowest energy eigenvalues in (a).

3.1 Dependence of the quantum dot hybrid qubit dis-

persion on tunnel coupling

3.1.1 Quantum dot hybrid qubit dispersion and curvature

As discussed in the previous chapter, a major advantage of the quantum dot hybrid qubit

(QDHQ) is the hybridization of the qubit states between different charge states ((2,1) and

(1,2)) and different spin states (|S〉 and |T 〉). This hybridization allows for adiabatic trans-

formation of the qubit between a dominantly charge-like region to a dominantly spin-like

region in order to benefit from the advantages of each. The charge and spin-like regions can

be seen by examining the ground and excited state levels in Fig. 3.1(a), colored as dark and

light teal, respectively. At negative ε, the levels diverge exactly like those of a charge qubit.

At large positive ε, the states become parallel, indicating the two levels have the same charge

configuration and are entirely spin-like.

It is useful to discuss the detuning-dependent changes in qubit energy and how they

impact the spin and charge-like nature. Fig. 3.1(b) shows the qubit dispersion, the energy

difference E01 = E1−E0 between the two qubit energy eigenvalues, for the energy eigenvalues

shown in Fig. 3.1(a) with Hamiltonian parameters 2∆1 = 4 GHz, 2∆2 = 6 GHz, and ER =
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10 GHz. It is straightforward to map the dispersion in Fig. 3.1(b) onto the energy eigenvalues

in Fig. 3.1(a): near ε = 0, the qubit levels have an anticrossing with splitting 2∆1, so there

will be a dispersion minimum at ε = 0. For negative ε, the energy eigenvalues diverge at

a constant rate so that the qubit energy increases linearly. Finally, for large positive ε, the

eigenvalues become parallel with separation ER. This means that as ε is increased, the qubit

energy will asymptote to ER, creating an increasingly flat energy dispersion.

Plotted below the dispersion in Fig. 3.1(b) is the slope of the dispersion and curvature

of the dispersion. The slope of the dispersion, dE01

dε
, is the quantity which determines how

sensitive the qubit is to noise-induced fluctuations in ε. If the slope is small, the qubit

energy changes very little in the presence of fluctuations in ε, so that the qubit will stay

approximately in resonance to an applied microwave drive meant to drive the qubit at some

frequency fR. This will result in higher coherence as compared to a tuning with higher dE01

dε
.

Looking at the slope in Fig. 3.1(b), changes from negative to positive ε result in changes of

dE01

dε
from negative to positive, as expected for local minimum. As the dispersion approaches

the far-detuned value of ER, the slope asymptotes to 0. For a QDHQ dispersion, there are

two regions where dE01

dε
→ 0 and the qubit is insensitive to charge noise; a localized “sweet

spot” at ε = 0 and an “extended sweet spot” at far detuning. The extended sweet spot

is investigated extensively in Ref. [78] where the decoherence rate is shown to be directly

proportional to the dispersion slope and charge noise σε. This demonstrates the benefit of

tuning ε to regions with less charge-like nature (indicated by lower dE01

dε
).

The curvature of the dispersion is the second derivative with respect to ε, d2(E01)
dε2

. Where

the slope of the dispersion describes how insensitive the qubit is to external factors like noise,

the curvature of the dispersion is an important characteristic to describe how strongly the

qubit can couple to other nearby qubits or resonators. This is because the curvature relates

to how easy it is to polarize electrons like a dipole within the quantum dots, and a primary

way proposed of coupling to a QDHQ is through capacitive, dipolar coupling [88,94,95]. The

curvature has finite value at the charge anticrossings where the qubit states are hybridized
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across multiple charge states (i.e. (2,1) and (1,2)), and goes to zero in regions where the

qubit states each have unique charge states regardless of whether those charge states are the

same (at positive detuning in Fig. 3.1(a)) or different (at negative detuning in Fig. 3.1(a)).

Note how at ε = 0, dE01

dε
= 0 but d2(E01)

dε2
is maximized; this is called a ‘first order sweet spot’,

and is what allows charge qubits to couple strongly to each other and to resonators right at

ε = 0 [96–99]. Higher-order sweet spots are also possible, if higher-order derivatives are also

zero such as in Ref. [100].

.

3.1.2 Dependence on tunnel couplings

For a fixed electrostatic tuning of the quantum dots and therefore fixed tunnel couplings

∆1,2, ε can be chosen to optimize for desired coherence properties (small slope) or coupling

properties (large curvature). However, if ∆1,2 are not optimized, even the best choices of ε

may not be sufficient. So, it can be useful to understand how changing the tunnel couplings

impact the qubit dispersion and its derivatives. Note that while variation in the ratios

between ∆1,2 can be observed when changing the double dot tunnel coupling, independent

control of ∆1 and ∆2 has not yet been demonstrated at the time this thesis was written.

Figure 3.2 describes how changing ∆1,2 can impact the qubit dispersion. In Fig. 3.2(a),

three dispersions are shown for 2∆1 ranging from 2 GHz to 6 GHz with 2∆2 = 2 GHz and

ER = 10 GHz. Increasing ∆1 clearly results in an increased minimum energy at ε = 0 and

a rounder dispersion around that minimum. This roundness will result in a larger region of

charge noise protection around ε = 0. Fig. 3.2(b) shows a similar analysis, now holding 2∆1

= 2 GHz and changing ∆2. Here the minimum is unaffected, and instead it is the roll-over

towards the asymptotic region that changes. At higher values of ∆2, the asymptote is more

gradual. This means there is a larger region at lower values of ε with lower dE01

dε
, which will

have higher coherence properties than a pure charge qubit. However, this comes at the cost

of the asymptotic limit, which now is not reached until larger ε.
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Figure 3.2: (a) QDHQ energy dispersion as a function of ε with 2∆2 = 2 GHz and ER =
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∆1 = ∆2, the qubit energy changes less rapidly and over a smaller range. This is exemplified
in the slope (dE01

dε
) and curvature (d

2E01

dε2
) plotted in the inset, comparing 2∆1 = 2∆2 = 2 GHz

and 8 GHz.

Figure 3.2(c) shows the qubit dispersion for 2∆1 = 2∆2 = 2 to 8 GHz, with ER = 10 GHz.

Though it is not required or expected for the two tunnel couplings to be identically equal,

these plots show how the dispersion will generally change with increasing tunnel couplings.

In particular, as 2∆1, 2∆2 → ER, the minimum will approach the asymptotic limit and the

dispersion will become much flatter. The insets of Fig. 3.2(c) show the slope and curvature

of dispersions with 2∆1, 2∆2 = 2 GHz (dark teal) and 2∆1,2∆2 = 8 GHz (light teal). When

comparing the slopes, it becomes clear that though the light line with 2∆1,2 = 8 GHz has

a lower value for a wider range, the dark line approaches the 0 slope limit at least 15 GHz

lower in detuning. Similarly, the curvature for the light line has a finite value over a wider
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range, but has a peak value of around 5 (10) times smaller than the dark line at ε = 0

(10) GHz.

3.1.3 Implications for one and two-qubit operations

Single and two-qubit manipulation of the QDHQ have to be peformed at a location in

detuning with finite curvature. For single-qubit manipulation, this is because ac driving of

the QDHQ is made possible through virtual tunneling events [63], and this driving strength

is therefore dependent on the amount of charge-like nature present in the qubit states. This

transition becomes increasingly difficult to drive at more positive detuning when the qubit

states become entirely spin-like, and the two levels have the same charge configuration. For

two capacitively coupled QDHQs, the strongest qubit coupling occurs at the point of highest

curvature [94]. Thus, the plots in Fig. 3.2(c) exemplify two conflicting modes of operation;

optimal but localized coherence and coupling, or wide-range but suboptimal coherence and

coupling.

For the former, the system would start in the region of high curvature for ac manipulation

or two-qubit coupling, and the qubit state would then be adiabatically transformed to the

dE01

dε
→ 0 region to evolve with maximum protection from charge noise. Since the region

with optimal curvature also has a large slope, the system will be quite sensitive to charge

noise during ac manipulation, and as it adiabatically traverses through detuning. For the

latter, ac driving and two-qubit coupling is possible over a much larger range; however, the

coupling strength is small over this range and is accompanied by a relatively large slope.

To compare quantitatively, for equal slopes of the light(high tunnel coupling) and dark(low

tunnel coupling) lines of dE01

dε
= 0.158 at ε = 11.67GHz , the curvature of the dark line is

nearly 5 times larger (-0.1 compared -0.02). Additionally, for equal curvatures of -0.017 at ε

= 14.26GHz, the slope of the dark line is 2.5 times smaller (0.04 compared to 0.1).

A third operational option would be to adiabatically tune the tunnel coupling as opposed

to the detuning. For fixed detuning, the tunnel coupling could be increased or decreased to
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switch between a highly coupled, manipulation state and a highly coherent isolation state.

Based on Fig. 3.2, and depending on the coupling strength required, the optimal tuning

for these two states may be a high tunnel coupling state (for manipulation) and low tunnel

coupling state (for coherence). This is not an intuitive solution, as the high-tunnel coupling

dispersion on average seems flatter and therefore would have better coherence properties.

However, the low-tunnel coupling dispersion allows for lower slope (higher coherence) at lower

double dot detuning, which is easier to obtain experimentally. Thus, a possible experimental

procedure would be to sit at the location in detuning with the best coherence properties and

then increase the tunnel couplings just enough to allow for ac driving or two-qubit coupling

at that location before decreasing the coupling again for state evolution.

Theoretical description and investigation of operating regimes for one and two QDHQs

coupled to a superconducting reservoir, related to the above discussions, can be found in

Ref. [101].

3.1.4 Experimental measurement of different dispersions

The detuned Ramsey pulse sequences described in Chapters 2,4, and [78] are an efficient

way to probe the Hamiltonian parameters for the QDHQ. The pulse sequence results in

Ramsey oscillations at the characteristic frequency corresponding to the qubit energy as

a function of detuning. Thus, one can fit the data for the frequency of the oscillations,

and then fit those frequencies as a function of detuning for the qubit dispersion parameters

(∆1,2, ER). Detuned Ramsey data at three different device tunings are shown in Fig. 3.3.

Fig. 3.3(a,c,e) shows 2d data plots of the Ramsey measurements, where the x-axis is wait

time between adiabatic ramps and the π/2 microwave pulses, and the y-axis is amplitude of

the dc-detuning ramp. The point where amplitude = 0 indicates where the amplitude of the

dc-detuning ramp switches from positive to negative; this is the location in detuning where

the qubit is resonant with the applied microwave drive frequency. The amplitude values

shown here are the instrument values before any insertion loss or attenuation. Fig. 3.3(b,d,f)
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in amplitude.

show points extracted from Fig. 3.3(a,c,e) by fitting the 2d data at every point in amplitude

for the frequency of oscillation. These points are then plotted and fit to using the QDHQ

eigenvalues to extract the Hamiltonian parameters.

Figure 3.3(a,b) shows the 2d Ramsey data and extracted frequency points at a tuning

with low tunnel couplings with respect to ER. This can be seen in the 2d data by the

fact that the oscillations are highly coherent above around -30 mV in amplitude but are

non-existent below that point. Additional Larmor measurements were taken at this tuning

which confirmed the characteristic oscillations at ER = 10 GHz, and indicated charge qubit

oscillations at the dispersion minimum of around 5 GHz. To align oscillations at the minimum

and at the asymptotic QDHQ limit, a detuned Ramsey measurement was performed with a

diabatic dc ramp. This was effectively a Ramsey-Larmor hybrid measurement, and resulted

in faint oscillations of ∼5 GHz at the dispersion minimum, in agreement with the other

Larmor measurements taken. The additional data is included in Sec. 6.1.

The transition from Fig. 3.3(a,b) to Fig. 3.3(c,d) and Fig. 3.3(e,f) occurred after small
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subsequent changes in the barrier gate that controls the tunnel coupling between the two

quantum dots. This can be seen in Fig. 3.3(c) by the presence of oscillations through the

dispersion minima, as opposed to the rapid dephasing of oscillations seen in Fig. 3.3(a). Note

that in the data shown in 3.3(c) the SNR of the oscillations gets worse after around -50mV

in the dc-detuning pulse amplitude. In fact, in order to resolve the oscillations, a background

signal was subtracted at every point in time to remove a dephased response to the two π/2

microwave pulses. This low signal is consistent with the slope of the dispersion in Fig 3.3(d)

being nontrivial throughout the majority of the investigated detunings, as compared with

the far positive ε slope in Fig 3.3(b).

The data in Fig. 3.3(e,f) by comparison is quite coherent through the dispersion mini-

mum, and only loses coherence rapidly at negative detunings past ε = 0 where the qubit

is effectively a charge qubit. This coherence can be attributed to the flat nature of the

dispersion for a large range of detunings, as seen in Fig. 3.3(f). This dispersion allows for

coherent, two-axis (Rabi and Ramsey) control at virtually every point in positive detuning

past ε = 0, but would likely come at the cost of a lower coupling strength to other qubits or

long-range coupling mechanisms like resonators.

3.2 Impact of additional levels on dispersion

3.2.1 Expansion of QDHQ Hamiltonian

The sections above describe how changing the tunnel coupling can tune the qubit energy

dispersion of the QDHQ. However, similar changes can also occur due to the presence of

other states lower in energy than the energy splitting of interest. Such nearby states can be

brought about due to strong electron-electron interactions in the doubly occupied quantum

dot, and will be discussed in detail in the following chapter. The last portion of this chapter

will describe how the addition of extra levels to the QDHQ Hamiltonian can influence the

energy dispersions.
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The reduced QDHQ Hamiltonian, where only one singlet-triplet splitting (here choosing

to use the one in the right dot) is considered and the other (in the left dot) is assumed to

be large is as follows:

H =


ε/2 ∆1 ∆2

∆1 −ε/2 0

∆2 0 −ε/2 + ER

 , (3.1)

with axes, in the (2,1)-(1,2) configuration, taken as S(2,1), S(1,2), T(1,2). If instead there are

two possible excited states in the (1,2) configuration which are each only coupled to S(2,1)

and not to any (1,2) states, there will simply be another tunnel coupling term and energy

term in the Hamiltonian. Since this new excited state is not necessarily a triplet state, it

will be referred to here as E2(1,2), with energy separation from the ground state ER2. The

amended Hamiltonian is:

H2 =



ε/2 ∆1 ∆2 ∆3

∆1 −ε/2 0 0

∆2 0 −ε/2 + ER1 0

∆3 0 0 −ε/2 + ER2


, (3.2)

with axes S(2,1), S(1,2), T(1,2), E2(1,2). More complicated systems may include coupling

terms between (1,2) energy levels, but this simplified Hamiltonian is enough to start to

explore the energy landscape of a QDHQ-like multi-level system.

3.2.2 Dependence on ground and excited state dispersions on tun-

nel coupling

Similar to Fig. 3.2, this section will address how changes in the double quantum dot tunnel

couplings can impact the energy dispersions. Note that the ground state dispersion, which

describes transitions from |0〉 to |1〉 behaves the same as a function of tunnel couplings ∆1−3
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Figure 3.4: (a) Energy level diagram of a double quantum dot at the QDHQ charge regime
(ie (2,1)-(1,2)) with two excited states in the right QD coupled to the left QD and not
coupled to each other. This system now has three relevant tunnel couplings ∆1−3, and two
energy levels accessible from the ground state, with asymptotic energies ER1 and ER2. (b)
Difference between the ground and first (second) excited state plotted in teal (yellow) as a
function of tunnel couplings with all three couplings set equal. (c) Difference between the
ground and first (second) excited state plotted in teal (yellow) as a function of ER2. (d)
Difference between the ground and first (second) excited state plotted in teal (yellow) as a
function of ER1.

as in the single excited state case of Eq. 3.1. That is, it has no apparent dependence on

∆3 or ER2. However, the excited state dispersion, described by transitions from |0〉 to |2〉,

does not behave as it would if described by Eq. 3.1. It instead is impacted by all the tunnel

couplings. If ER2 and ∆1,2 are large enough such that the excited state dispersion can be

ignored, then the ground state dispersion will operate as normal. This of course makes sense,

because these systems always have orbital levels that are much larger, but which are not

seen in microwave spectroscopy or qubit experiments. However, if the singlet-triplet splitting
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is smaller than expected, it is possible to assume an excited state dispersion is the lowest

energy dispersion and that is should behave as such as a function of tunnel coupling. This

section is meant to highlight the differences in behavior with one extra level; note that this

analysis can be expanded to even more levels as seen in the next chapter.

Figure 3.4(a) shows an energy level diagram for the Hamiltonian in Eq. 3.2, where the

ground (first excited) state is colored light (dark) teal and the additional excited state is col-

ored yellow. In this case, there will be two relevant qubit dispersions: the energy difference

between |0〉 and |1〉 and the energy difference between |0〉 and |2〉. Examples of these disper-

sions for various Hamiltonian parameters are shown in Fig. 3.4(b,c). Fig. 3.4(b) shows the

ground (excited) state dispersions in teal (yellow), with fixed ER1 and ER2 values of 8 and

12 GHz, respectively. The tunnel couplings 2∆1−3 are all set to be equal for simplification

and changed from 2-6 GHz. Note how at 2∆1−3 = 2 GHz, the excited state dispersion has

a trapezoidal shape near ε = 0 with a plateau as opposed to a minimum; this is due to the

location of the ∆1,2 anticrossings. The ∆1 anticrossing determines the change from a linearly

increasing energy to a minimum-like energy. Then, for the detuning range between the ∆1

anticrossing and the ∆2 anticrossing, |2〉 and |0〉 are actually parallel, causing the energy

plateau. Finally, the ∆2 anticrossing starts the dispersion’s increase towards ER2 before ∆3

causes an energy rollover.

An additional result to notice is how flat the excited state energy dispersion is when

2∆1−3 = 6 GHz, particularly for an asymptotic energy of ER2 = 12GHz. As seen above

in Fig. 3.2(c), a traditional QDHQ energy dispersion becomes flat when 2∆1 and 2∆2 are a

large fraction of the singlet-triplet splitting (typically 70-80%). What is seen in Fig. 3.4(b)

is that flatness of an energy dispersion can be generated with smaller tunnel couplings with

respect to the energy splitting (50% in this example), if there is an additional energy level

below the level in question. These results raise the question of whether the flat dispersion

seen in Fig. 3.3(e,f) was produced simply from tunnel coupling tuning or because of the

presence of one or more low-lying energy levels. Though there is no concrete answer, the
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data shown in the following chapter (taken in the same device at nearly identical tuning)

argue that indeed extra levels helped attain such a flat dispersion. The presence of excited

states to induce flat dispersions can be a useful tool if the states are well isolated; the data

taken at the tunings in Chapters 2 and 4 had lower coherence times than expected for the

dispersion slope, suggesting leakage to other nearby levels.

Figure 3.4(c) (Fig. 3.4(d)) shows for completeness the energy dispersions for the two

excited states with fixed tunnel couplings and ER1 (ER2), changing only the other energy

splitting. As expected, Fig. 3.4(c) demonstrates that changes in ER2 only affect the second

excited state dispersion. It is worth noting for the lowest plotted value, ER2 = 9 GHz, the

tunnel couplings 2∆1−3 = 4GHz are high enough such that there is no dispersion minima

near ε = 0, and instead the dispersion has a negative slope until it’s asymptote to ER2. This

behavior occurs for a traditional QDHQ dispersion when 2∆1,2 are larger than the singlet-

triplet splitting, highlighting again the strong influence the presence of nearby levels can

have on a qubit dispersion even if the relevant tunnel couplings are quite small. Conversely,

Fig. 3.4(d) shows that changes in ER1 do impact the excited state dispersion, with larger ER1

pushing the excited state dispersion minimum up higher, thereby creating a flatter dispersion

near ε = 0.
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Chapter 4

Impact of electron-electron

interactions on the two-electron

energy spectrum

Section 4.1 is reprinted with permission from Physical Review Letters, Ref. [93]

4.1 Coherent Control and Spectroscopy of a Semicon-

ductor Quantum Dot Wigner Molecule

Multielectron semiconductor quantum dots have extremely desirable properties for con-

structing and operating qubits. For single spin qubits, manipulating electrons above closed

shells makes electric field driving more effective [102, 103], and certain qubits like quan-

tum dot hybrid qubits [33] rely on multiple electrons to define the qubit states. Two-

electron eigenstate energies are particularly important, since singlet-triplet splittings allow

for Pauli spin-blockade readout [104] used in singlet-triplet qubits [34, 105, 106], exchange

based qubits [28, 31], quantum dot hybrid qubits [33, 63], and single spin qubits [107], espe-

cially for high temperature operation [102,108,109].
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When the characteristic interaction energy between electrons becomes larger than the or-

bital confinement energy, electronic states develop correlations and localize, forming Wigner

molecules [110–119]. Imaging of such localization has been achieved using scanning elec-

tronic [120] and near-field optical [121] methods. The lowest-lying excited states in Wigner

molecules have been studied using both optical [122, 123] and transport spectroscopy [124,

125], and the latter method has been used to observe a reduction in symmetric-antisymmetric

orbital splittings [126]. While Wigner-type localization is known to reduce the gap between

the ground and first orbital excited state, the impact on higher lying states and quantum

control of such states has not been observed in experiments.

This Letter reports pulsed microwave coherent control and spectroscopy of an electro-

statically confined semiconductor double quantum dot in the Wigner-molecule regime. We

report coherent Rabi control of eight transitions ranging in frequency from 3.3 to 8.3 GHz,

corresponding to energies far smaller than the single-particle confinement energy. With

Ramsey spectroscopy, we map the energy as a function of double-dot detuning for 2 of these

transitions. Using full configuration interaction (FCI) calculations, we argue that this dense

manifold of states results from strong correlations and Wigner-molecule physics. Time-

domain simulations of the Rabi experiments are used to explain the Rabi oscillations as a

function of detuning energy. The full set of experimental spectroscopy results can be fit by

a simple model consisting of two-electron states in the right quantum dot tunnel coupled to

the lowest-lying state in the left dot.

Figure 4.1(a) describes the quantum dots, which are formed in an undoped Si-SiGe

heterostructure with three layers of overlapping gates [44]. Fabrication details can be found

in Ref. [83]. While the device can form three dots, we form two dots under gates P1 and

P2, accumulating the rightmost dot as part of the right electron reservoir. We operate the

double quantum dot (DQD) with five electrons near the (4,1)-(3,2) anticrossing, as shown

schematically in Figs. 1(b)-(d). Tunnel rates between the two dots and to the reservoirs are

set by gates B1, B2, and B3. Charge sensing is performed with dot CS, and its current is
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Figure 4.1: (a) False-color micrograph of a device lithographically identical to that measured
here. Quantum dots are formed under P1 and P2. A current ICS flows through the dot
controlled by gate CS and is used to detect the electron occupation of the P1 and P2 dots. (b)
The ground state for the five-electron system at negative ε is the charge configuration (4,1),
used for initialization (I). (c) The ground state at positive ε is (3,2), used for manipulation
(M). (d) Readout of the ground state, R0, maps onto (4,1), while the excited states, R1,
maintain the (3,2) configuration. The tunnel rates to both reservoirs are tuned for a long
decay time from (3,1), enabling latched readout. (e) Rabi pulse sequence used in this work.
(f) Ramsey pulse sequence used in this work, composed of two π/2 pulses and a detuning
pulse with amplitude P . (g)-(j) Rabi and detuned-Ramsey measurements of two coexisting
states. For (g),(i), δVP2 corresponds to a relative shift of the entire pulse sequence; for (h),(j)
δVP2 corresponds to relative changes in P . Dashed lines in (h,j) denote the value of δVP2 for
which P = 0. (g),(h) Rabi and Ramsey oscillations using fR = 8.33 GHz. (i),(j) Rabi and
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measured using a two-stage cryogenic high-electron-mobility transistor amplifier [127] mounted

on a separate printed circuit board (PCB) connected to the sample PCB by stainless steel

coax.

We initialize at setting I, shown in Fig. 4.1(b), in the (4,1) ground state, which has a

large splitting between the ground and first excited states. We ramp the DQD detuning ε

across the interdot transition line to a manipulation point (M) at positive ε, as shown in

Fig. 4.1(c), where we apply microwave pulse sequences. Rabi and detuned-Ramsey pulses

at Mdrive coherent rotations between two-particle states in the right quantum dot while

maintaining the (3,2) configuration. To perform readout, we adiabatically ramp across the

interdot transition line: the (3,2) ground state then maps onto the (4,1) ground state (R0),

while the excited states (R1) maintain their (3,2) configuration, as indicated in Fig. 4.1(d).
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Latched measurement [89] is used to enhance readout fidelity: for the excited states (R1),

an electron rapidly tunnels into the right reservoir to form a metastable (3,1) charge state,

which slowly returns to the (4,1) ground state. The latch duration is determined by the left

barrier, which is tuned to have a long tunnel time.

Figures 4.1(e)-(j) demonstrate coherent control of two different DQD transitions per-

formed by applying pulse sequences to gate P2 at 8.33 and 7.30 GHz. Fig. 4.1(e) shows

the Rabi sequence, a continuous drive of frequency fR, and Fig. 4.1(f) shows the Ramsey

sequence, two π/2 microwave pulses of frequency fR surrounding a detuning ramp. This

Ramsey sequence enables the efficient measurement of energy splittings as a function of ε,

and can be performed at any known Rabi resonance location [78]. The resulting Rabi and

Ramsey oscillations are shown in Fig. 4.1(g)-(j). The vertical axis δVP2 determines ε, and

the centers of the Rabi chevrons in Figs. 4.1(g) and 4.1(i) occur at the ε values where fR is

resonant with the transition energy. The dependence of the Rabi oscillations on ε directly

reflects changes in the corresponding energy levels, providing a characteristic fingerprint for
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Rabi oscillations corresponding to (a)-(c) using a simplified, four-level model
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each transition.

Figure 4.2 shows Rabi oscillations with two distinct resonances visible in the same plot as

indicated by dashed lines at the on-resonant locations. As the driving frequency is reduced

from fR = 6.15 to 6.00GHz, the centers of the oscillations overlap at δVP2 = 1mV. Numerical

simulations of these oscillations are shown in Fig. 4.2(d)-4.2(f), using a four-level model,

where two closely spaced states make transitions to two higher states. A key feature of these

two oscillations is the difference in width as a function of δVP2; this behavior is reproduced in

the theoretical model by different slopes for the respective energy dispersions, where a flatter

slope corresponds to longer-lived oscillations [78]. The unusual merging of the resonances is

reproduced in the model with a level crossing.

Figures 4.1 and 4.2 report four transitions as a function of the gate voltages defining

the quantum dot. Additional Rabi oscillations were measured with microwave frequencies

ranging from 3.25 to 7.6 GHz (S4 in Sec. 4.2). These data demonstrate Rabi driving of eight

distinct transitions below 10 GHz, an unusual density of transitions that cannot be described

by noninteracting two-electron physics. We must therefore consider how electron-electron

interactions influence the excited energy level spectrum [113,128,129].

A dimensionless measure of the interaction strength is RW = Eee/Eorb [111], the ratio

of the electron-electron interaction energy Eee and the lowest quantum dot orbital excita-

tion energy Eorb. To estimate Eorb we use FCI methods to diagonalize the Hamiltonian of

a parabolically confined two-electron quantum dot, including the effects of valley splitting,

valley-orbit coupling, and electron-electron interactions, obtaining the energy eigenvalues and

eigenstates [117, 130–133]. Good correspondence between theory and experiment is found

with a valley splitting of 3.81 GHz and an orbital confinement energy Eorb/h = 59.2 GHz.

Approximating Eee as the Coulomb energy of two point charges separated by the character-

istic length scale of the quantum dot, Eee = e2

4πε

√
mtωx

~ , yields RW = 12.7 for a dot radius

of 40 nm. This estimate is consistent with a quantum dot situated in a 90 nm wide channel

below a 70 nm wide gate. Although this RW is greater than that observed in carbon
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Figure 4.3: FCI calculations performed using parabolic confinement potentials with Eorb/h =
ωx/2π = 59.2 GHz and ωy = 1.07ωx. (a) Two-electron excited state energies (E1−E0) plotted
as a function of the relative interaction strength (e∗/e)2 (bottom) and the Wigner parameter
RW (top). (b) Excited state energies with (e∗ = e, blue) and without (e∗ = 0, yellow)
interactions. The spectrum is grouped into manifolds, indicated by boxes, with the lowest
manifold in the inset. (c) The single-electron energy levels used to construct the interacting
two-electron wave functions in (b), with the orbitals labeled as nx, ny. Each grouping of
orbital excitations forms a valley-split doublet. (d) Electron density distributions of the
lowest-energy singlet wave functions in each of the four manifolds in (b), identified by the
corresponding border style. The bar plots below indicate the contributions from each of the
single-electron wave functions in (c). (e) Two-electron singlet-triplet splitting with (blue)
and without (yellow) electron-electron interactions as a function of orbital confinement,
demonstrating large variation as a function of Eorb when interactions are strong.

nanotubes (RW = 1.64 [126]) and Ga[Al]As quantum dots (RW = 1.55 [124]), recent Si-SiGe

quantum dot experiments report values of RW ≈ 3.6 (Eorb/h = 725 GHz [74]) and RW ≈

5.2 (Eorb/h = 362 GHz [69,134]), suggesting that interactions may play an important role in

many quantum dot and spin qubit experiments. Confinement energies are also suppressed in

multielectron dots, which are frequently employed as qubits [103]; in such cases, we expect

to observe large RW values deep in the Wigner-molecule regime.

To understand the impact of electron-electron interactions on the two-electron energy

spectrum, it is instructive to tune the Coulomb interactions in the FCI simulations by ar-

tificially introducing an effective charge e∗ with e∗/e ≤ 1, so that RW = e∗2

4πε

√
mt

~3ωx
. Fig-
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ure 4.3(a) shows the two-electron energy splittings from the ground state as e∗ is changed.

With increasing interaction strength, we observe that the energy eigenstates are composed

of a growing number of valley and orbital basis states, and the electron positions become

increasingly anticorrelated. Importantly, this hybridization results in a densely packed array

of energy levels in the strong interaction regime, e∗/e = 1.

Figure 4.3(b) shows the noninteracting spectrum at e∗ = 0 (yellow) and the fully in-

teracting spectrum at e∗ = e (blue), revealing for the interacting case a manifold structure

highlighted with solid and dashed boxes. Each of these manifolds contains both singlet and

triplet states, all of which have similar electron densities. This similarity in energy and

spatial density within a manifold can be understood by looking at the corresponding combi-

nations of single-particle basis states. These single-particle states up to 195 GHz are shown

in Fig. 4.3(c) and consist of x and y orbital excitations (nx,ny) and valley state excitations.

Figure 4.3(d) reports the in-plane electron density and the fractional contribution of the

single-particle states for the first singlet level within each manifold shown in Fig. 4.3(b).

The transitions between manifolds in Fig. 4.3(b) correspond to quantitative changes in the

contributions of single-particle states. For example, Fig. 4.3(d) reveals the largest contribu-

tions to the ground state singlet are from two states: the (nx,ny)=(0,0) high energy valley

eigenstate and the (nx,ny)=(1,0) low energy valley eigenstate. In the next manifold, there

are roughly equal contributions from each valley eigenstate for a given single-particle state

and a switch from (1,0) to (0,1). The evolution in the contributions from the single-particle

orbital modes is revealed both in the bar graphs and the electron density plots.

An important characteristic of the large RW regime is that relatively small changes in Eorb

lead to rapid changes in the lowest-energy gap in the system (the singlet-triplet splitting).

Figure 4.3(e) plots these theoretically calculated energy splittings with (blue) and without

(yellow) electron interactions as a function of lateral confinement strength. Changing the

confinement from 55 to 90 GHz (less than a factor of 2 change) in the presence of interactions

results in variation of the singlet-triplet splitting by more than a factor of 20.
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Figure 4.4: (a) Energy eigenvalues versus ε of a Hamiltonian motivated by the electron
interaction effects reported here. Measurement locations from Fig. 1 are indicated. Inset:
excited state spectrum with example transitions shown. (b) Frequencies versus ε of the eight
transitions reported here, E02−E05, and E12−E15, and E01 which is inferred but not directly
observed. The dark teal lines are the energy differences between the ground state and energy
level n, defined in (a); the light teal lines are differences between the first excited level and
the same energy levels in (a). Symbols plotted correspond to frequencies extracted from the
experiment, as described in the legend.

Figure 4.4 summarizes the experimental results on DQD detuning plots. Figure 4.4(a)

shows the eigenvalues of a Hamiltonian with five uncoupled excited states in the right quan-

tum dot, each coupled to the left quantum dot’s ground state, used to fit the Rabi and

Ramsey data reported in this Letter. We anticipate that both singlet and triplet spin config-

urations are present among these two-electron excited states based on the FCI calculations

in Fig. 4.3. Transitions between such spin states are mediated by virtual tunneling events

similar to the quantum dot hybrid qubit (QDHQ), as described in Ref. [63].

The excited state energies in the infinite-detuning limit E1-E5 are motivated by the
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energy levels reported in Fig. 4.3. Figure 4.4(b) plots in dark teal the difference in energy

between the ground and excited states E01-E05, which depend on ε. It plots in light teal

the difference between the higher excited states and the first excited state energy E12-E15

(E1/h = 0.75 GHz). Though the energy splitting E01 is not directly observed, its presence is

motivated by the FCI calculations described above, and we infer its existence and energy from

the data plotted in Fig. 4.4(b). We believe this state has nonzero initialization occupation

because of both nonadiabaticity of the pulse sequence and thermal excitation caused by

electron temperatures of about 100 mK (kBT = 2.1 GHz).

The data shown in Fig. 4.4(b) correspond to all the Rabi and Ramsey spectra reported

in this Letter, as described in the legend. We plot the spectra from Figs. 4.1(h) and 4.1(j)

as light yellow circles and orange triangles, and fit to them the transitions E05 and E15,

corresponding to the differences between the ground and first excited states to the fifth

excited state. The resonant frequencies from Figs. 4.2(a)-4.2(c) that move up (down) between

Figs. 4.2(a) and 4.2(c) are shown as light (navy) blue diamonds.

The merging of these points with decreasing fR provides additional evidence that these

Rabi oscillations are driven from the ground and first excited state; if these two resonances

belonged to the same dispersion, they would merge into a single chevron at the dispersion

minimum instead of overlapping. If both transitions occurred as excitations from the ground

state, a level crossing would only occur if one of the tunnel couplings was anomalously low

(≤ 0.1 GHz) which is not supported by the shape of the Ramsey spectra. Finally, the yellow

squares in Fig. 4.4(b) show energies corresponding to Rabi oscillations with a 4.4 GHz range

of microwave frequencies. The density of transitions in frequency space as compared with

the FCI calculations supports the necessity to consider both E0 and E1 transitions. In

total, Fig. 4.4 summarizes the coherent control of eight transitions in this Wigner molecule,

E02-E05, and E12-E15, and highlights how these transitions depend on ε.

As shown in Fig. 4.3(e), for large RW , the singlet-triplet splitting becomes highly tunable,

offering opportunities and pitfalls for applications in quantum dot qubits. For qubits like the
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QDHQ, where it is useful to tune the singlet-triplet splitting to a desired value, interactions

can amplify small changes in confinement-defining gate voltages into large and useful changes

in singlet-triplet splittings. However, for other qubits such as Loss-DiVincenzo, singlet-

triplet, and exchange-only qubits, unexpectedly large shifts in the singlet-triplet splitting

could weaken or prevent read-out mechanisms like the Pauli spin blockade. Furthermore, as

seen in this Letter, a suppressed singlet-triplet splitting may be accompanied by additional

low-lying energy levels, which can interfere with the two-level system required for a qubit.

In conclusion, we have studied a quantum dot in the limit of large RW , where the electron-

electron interaction energy scale surpasses the orbital energy splitting. In this regime, we

identify and coherently control eight separate resonances. Based on theoretical calculations

we have argued that these states arise from strong interactions and Wigner-molecule physics.

We use a six-level model, motivated by both experiment and FCI calculations, to explain

how the dense set of energy levels in a single dot affects the DQD spectrum as a function of

ε. The observation of Wigner molecules in silicon quantum dots suggests that small changes

in confinement can have a strong effect on the qubit energy splitting in this system. This

could be harnessed as a tool for controlling qubit energy splittings, but if unanticipated, this

phenomenon could also lead to qubit interference from low-lying levels or the suppression of

level-dependent qubit readout.

The Supplemental Material below provides additional raw data and technical details on

the models used in Fig. 4.2 and Fig. 4.4, the FCI calculations, the estimations of state

populations, the experimental setup, and includes Ref. [135–137].
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4.2 Supplementary material for ‘Coherent control and

spectroscopy of a semiconductor quantum dot Wigner

molecule’

These supplemental materials provide additional data, details of the theoretical simulations,

and explanations of the measurement and analysis procedures.

4.2.1 S1: Additional information for Figure 1

The data in Fig. 4.1 presents two distinct dispersions that are individually addressable. The

light yellow circles in Fig. 4.4(b) are produced by fitting the resulting data from Fig. 4.5(a,b)

for the frequency of oscillation. The orange triangles in Fig. 4.4(b) are produced by fitting

the results from Fig. 4.5(c,d).

In order to map the dispersions from Fig. 4.1(h,j) relative to each other, Fig. 4.1(g,i) are

repeated at the same detuning, achieved using the microwave drives of fR = 8.33 GHz and

fR = 6.75 GHz, as shown in Fig. 4.5(e,f). Rabi frequencies extracted from Fig. 4.5(e,f) are

represented in Fig. 4.4(b) by including the fR = 6.75GHz purple star at the same detuning as

the fR = 8.33GHz light purple star. Though we do not observe off resonant oscillations from

one spectrum in measurements of the other, it does appear that the region of suppressed

coherence in Fig. 4.5(e) is the region of enhanced coherence in Fig. 4.5(f) and visa versa.



51

The resonance in Fig. 4.5(f) belongs to the same energy level as that in Fig. 4.1(i), as

can be seen by comparing Ramsey spectroscopy taken at the two fR locations, as shown

in Fig. 4.5(g,h). The general shape of the data in Fig. 4.5(g,h) is consistent, and the only

difference is a relative shift in δVP2 by 0.96 mV. To produce the points in Fig. 4.4(b), we

shifted the data in Fig. 4.5(d,h) by δVP2 = 0.96mV, using the dispersion minima as reference,

so that they match the detuning in Fig. 4.5(g). The data in Fig. 4.4(b) is converted from

gate voltage to detuning with a detuning alpha of αε,P2 = 0.085± 0.009 meV/mV.
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Figure 4.5: Ramsey oscillation averaging and alignment. (a) Ramsey oscillations with fR =
8.33 GHz taken consecutively. These data are averaged together to produce Fig. 4.1(h).
(b) Ramsey oscillations with fR = 8.33 GHz taken consecutively. These data are averaged
together, and the oscillations, in addition to those from (a), are fit to produce the light
yellow circles in Fig. 4.4(b). (c) Ramsey oscillations with fR = 7.30GHz taken consecutively.
These data are averaged together to produce Fig. 4.1(j). (d) Ramsey oscillations with fR =
7.30 GHz taken consecutively. The oscillations in these data are fit and the corresponding
fits are averaged together. These points and the points resulting from (c) produce the
orange triangles in Fig. 4.4(b). (e) Rabi oscillations for the same resonance as Fig. 4.1(g),
with fR = 8.33 GHz. (f) Rabi oscillations for the same energy level as Fig. 4.1(i) but a
different detuning, now with fR = 6.75 GHz. This data set is taken directly after (e), with
the only change being the microwave drive. The centers of the two chevrons correspond
to δVP2 = 1.1 mV. (g) Ramsey fringes corresponding to the resonance in (f) taken at
fR = 6.75 GHz. (h) Ramsey fringes, taken at a different detuning from (g) , with the same
fR = 7.3 GHz as Fig. 4.1(j). The dashed lines in (a,c,d,g,h) denote the value of δVP2 for
which the Ramsey detuning is zero.
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Table 4.1: Sets of on-resonance oscillations discussed in Fig. 4.2 and Fig. 4.6.

Set1 Set2
fR (GHz) Figure fR (GHz) Figure

6.30 Fig.4.6(a) 6.15 Fig.4.2(a)
6.15 Fig.4.6(c) 6.10 Fig.4.2(b)
6.00 Fig.4.6(d) 6.00 Fig.4.2(c)
5.90 Fig.4.6(e) 5.90 Fig.4.6(f)

Set3 Set4
fR (GHz) Figure fR (GHz) Figure

5.85 Fig.4.6(g) 6.20 Fig.4.6(b)
5.80 Fig.4.6(h) -

4.2.2 S2: Additional Rabi data and four-level simulation details

For the interested reader, Fig. 4.6 contains additional oscillations used as diamonds in

Fig. 4.4(b), where each diamond represents the center of a Rabi oscillation for a given drive

frequency. As seen in Fig. 4.2, 4.6, many of the data sets have two clear on-resonance

oscillations. In these cases, both centers are plotted with the same frequency and a different

value of δVP2. All of the extracted data from these two figures can be seen in Fig. 4.6(i),

where the different markers correspond to different sets of data taken consecutively (before

the device shifted). These sets are enumerated in Table 4.1. The uncertainty in Fig. 4.6(i)

is the uncertainty in the center of the oscillation, while the uncertainty in these points in

Fig. 4.4(b) includes uncertainty in their location relative to zero double-dot detuning.

The Rabi measurements shown in Fig. 4.2 indicate multi-level structure. We find that

the best model that reproduces the main features of the experimental measurements in a

simple way consists of four relevant states: two partially populated lower levels, separated

by a small energy E01, that make transitions to two excited states under detuning driving
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fields. The effective Hamiltonian of this four-level system is

Htoy
0 =



0 0 0 0

0 E01 0 0

0 0 f(ε) 0

0 0 0 g(ε) + E01


, (4.1)

where f(ε) and g(ε) are interpolation functions based on the energy measurements, shown

as blue and orange lines in Fig. 4.6(i). We set E01/h = 3 GHz, which is compatible with

the small energy gap between the lowest two states observed in the experiment and large

enough to avoid undesired interactions. The driving field is characterized by

Htoy
1 = δε cos(ωt)



0 0 R02 0

0 0 0 R13

R02 0 0 0

0 R13 0 0


(4.2)

where R02 and R13 are fitting parameters. The only other fitting parameter is the ground

state population ρ00, assuming ρ11 = 1 − ρ00. The fitting parameters used for each case

are shown in Table 4.2. We find that an even simpler model, such as a three-level system

with a singly-populated ground state and two interacting excited states, might also be an

explanation. However, the simulations with this simpler model added more unobserved

interference phenomena. We note that the simple four-level model is rather limited since the

values of the Rabi parameters R02 and R13 should depend on detuning. Moreover, the energy

level landscape is more complicated than a four-level system. Nevertheless, this simple model

captures the main features in the measurements.

Finally, to simulate the presence of noise in Fig. 3, we perform a Gaussian convolution

with σε = 7.1µeV. This number is extracted by averaging the σε =
√

2~
| dE
dε
|T ∗

2

computed with T ∗2

and dE
dε

from the 7.30 GHz and 8.33 GHz resonances shown in Fig. 4.2.
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Table 4.2: Parameters R02 and R13 from Eq. 4.2, in addition to the drive frequency fR and
ground state population ρ00, which are all used for the simulations in Fig. 4.2(d-f).

Fig.4.2(d) Fig.4.2(e) Fig.4.2(f)
fR (GHz) 6.15 6.1 6.0
R02 × 103 0.443 0.463 0.616
R13 × 103 0.925 0.984 1.626

ρ00 0.7 0.7 0.65
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Figure 4.6: Additional level crossing data corresponding to the diamonds in Fig 4.4(b). (a,b)
Rabi oscillations at fR = 6.30 GHz and fR = 6.20 GHz. (c,d) Additional Rabi oscillations at
fR = 6.15 GHz and fR = 6.00 GHz used to combine multiple sets of data with different VP2

offsets. (e,f) Rabi oscillations with fR = 5.90 GHz, again used for combining multiple data
sets. (g) Rabi oscillations with fR = 5.85 GHz. (h) Rabi oscillations with fR = 5.80 GHz.
(i) All of the data from the navy blue and light blue diamonds in Fig 4.4(b). Blue and
orange lines correspond to the interpolation functions f(ε) and g(ε), respectively, which are
described in section S2.

4.2.3 S3: Additional data for Figure 4

Figure 4.7, 4.8 contains the measured Rabi oscillations corresponding to the plots in Fig 4.4(b).

The data in Fig. 4.7 is grouped in four sets, (a-e), (f-i), (j,k), and (l), as shown in (m). Each

set represents a portion of data that is taken without any drift of the DQD device, and

without changing any pulse-shape parameters besides microwave frequency. Each extracted
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point is obtained by looking at line-cuts in time through the data and estimating the center

point of the oscillation in gate voltage. Note that all the data in these figures span 3 mV on

the gate which dictates the quantum dot detuning, P2. The drastic changes in size, shape,

and frequency of these oscillations in the same relative window of detuning supports the

interpretation that these oscillations correspond to different energy level transitions. The lo-

cation of (e,l) relative to the polarization line, which should be at the zero detuning point for

the DQD, is approximated using their resonant locations within the latched readout region,

stability diagrams and the pulse height.

The data in Fig. 4.8 appears as a dark purple star in Fig. 4(b).

As shown in Fig. 4.9, time-domain measurements searching for Rabi were performed at

four other microwave frequencies: fR = 6.93GHz, 7.88GHz, 8.9GHz, and 9.8GHz. Included

in Fig. 4.9(a,c) are two measurements taken at the same device tuning and with the same

microwave amplitude as (b) and (d-f), respectively, in order to compare the shape, signal

strength, and oscillation frequencies. Comparing Fig. 4.9(b) with Fig. 4.9(a), one sees that

in Fig. 4.9(b) there is no clear peak in the oscillations as a function of detuning, whereas in
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Figure 4.7: Rabi oscillations associated with the yellow squares in Fig 4.4(b), with frequencies
(a) fR = 5.38 GHz, (b) fR = 6.47 GHz, (c) fR = 5.73 GHz, (d) fR = 5.99 GHz, (e) fR =
8.33 GHz, (f) fR = 4.17 GHz, (g) fR = 4.64 GHz, (h) fR = 5.34 GHz, (i) fR = 8.33 GHz, (j)
fR = 4.16 GHz, (k) fR = 6.47 GHz, (l) δVP2= 3.25 GHz. The points in (m) represent the
location in relative P2 of the center of the Rabi oscillation for a given driving frequency. (n)
These four sets are then placed onto the model by simultaneously matching (e,i), and (b,k),
as well as looking at the distance of (e,l) from the approximate polarization line.
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Figure 4.9: Comparison of Rabi data for different driving frequencies, including those not
included in the model. All panels were taken at the same device tuning. (a) fR = 5.38 GHz
oscillations shown in Fig. 4.7, which display a chevron pattern typical of Rabi oscillations. (b)
Off-resonant oscillations observed at the applied microwave frequency fR = 6.93 GHz. The
applied amplitude (100mVpp) is the same as in (a). (c) The same fR = 8.33GHz oscillations as
shown in Fig. 4.7, which display relatively slow detuning-dependent oscillations characteristic
of Rabi oscillations. (d-f) Off-resonant oscillations at the applied microwave frequencies fR
= 7.88 GHz, 8.9 GHz, and 9.8 GHz, displaying fast oscillations, but not the characteristic
detuning dependence typical of Rabi oscillations. The applied amplitude (190 mVpp) is the
same as in (c).

Fig. 4.9(a) there are actually two clear peaks around 2 mV and 1.6 mV. Additionally, the

oscillations in Fig. 4.9(b) have much lower signal strength and are much faster, all indications

of off-resonant oscillations. These same parameters can be used to compare Fig. 4.9(d-f) with

Fig. 4.9(c). Fig. 4.9(d) has comparable signal strength to Fig. 4.9(c) but no oscillation peaks

and the oscillations are much faster. Fig. 4.9(e,f) have much lower signal strength with
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no clear oscillation peak. Alhough these frequencies produced oscillations, there was not

strong enough evidence to claim they correspond to their own resonance; thus they were not

included in Fig. 4(b).

4.2.4 S4: Simulation details for Figure 3

The simulation results shown in Fig. 4.3 are performed by combining a full configuration

interaction (FCI) approach with the empirical tight-binding (TB) theory of Boykin et al.

[135, 136], as described in detail in Ref. [133]. In the TB model, the nearest-neighbor and

the next nearest neighbor hopping parameters t1 = 0.6829 eV and t2 = 0.6119 eV are chosen

such that the location of the resulting band minima coincide with the location of bulk

silicon’s conduction band minima, and the effective mass, determined by the curvature of

the conduction band at its minima, is equal to the lateral effective mass of bulk silicon.

With an additional hopping parameter t3 = - 0.026 eV, chosen such that the transverse

effective mass of bulk Si is obtained, the model becomes two-dimensional in the x-z plane.

We are thus able to study the effects of different interface profiles by simply assigning on-site

terms ESi and ESiGe to grid points in different patterns. Resulting wave functions have fast

oscillations in z that are responsible for the breaking of valley degeneracy, and disorder at

the interface causes valley and orbital degrees of freedom to couple. In the calculations, we

treat the third dimension y analytically with the assumption that the confinement potential

is parabolic.

While TB provides an accurate description of single electron wave functions by capturing

the valley physics of silicon and allowing modeling of the quantum well interface disorder,

FCI allows us to calculate two electron energies by including the effects of electron-electron

interactions. After adding the spin degree of freedom, we generate all possible two-electron

Slater determinants based on the 45 lowest energy TB eigenstates, which constitute the basis

for the FCI calculation. We calculate the full Hamiltonian, including the electron-electron

interaction term (with dielectric constant 11.4 [137]), in this basis and diagonalize it to obtain
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the two-electron energy eigenvalues and eigenstates. For the simulation in Fig. 4.3, we used

a tilted quantum well interface with a tilting angle of ∼ 0.2◦, quantum well width of 9.1 nm

and an electric field of 0.6 MV/m perpendicular to the interface. The atomic step height is

a/4 where a = 0.543 nm is the Si lattice constant, the distance between steps is 33.8 nm,

and the distance from the dot center to the nearest step is 6.1 nm. With these parameters,

valley splittings range from 2.4 to 4.8 GHz (10 to 20 µeV) in the considered ~ωx domain,

and in particular is 3.81 GHz (14 µeV) for the ωx/2π = 59.2 GHz used in Fig. 4.3(a). We

pick the location of the center of the dot with respect to the uniform steps at the interface

to obtain the best agreement with the experimental data.

4.2.5 S5: Choice of Hamiltonian Parameters for Figure 4

The lines in Fig. 4.4(a) are the eigenvalues of

H =



ε/2 ∆0 ∆1 . . . ∆5

∆0 −ε/2 0 . . . 0

∆1 0 −ε/2 + E1 . . . 0

∆2 0 0
. . . 0

∆3 0 0 . . . 0

∆4 0 0 . . . 0

∆5 0 0 . . . −ε/2 + E5



, (4.3)

which describes a system of five excited states in the right quantum dot coupled to the left

quantum dot. The values for energies En and tunnel couplings ∆n are listed in Table 4.3.

Though we have a large quantity of data, including two detuned-Ramsey measurements

of different levels (Fig. 4.1(h,j)), Rabi measurements of eight different levels(Fig. 4.1(g,i),

Fig. 4.7), and Rabi measurements of two merging levels(Fig. 4.2(a-c), Fig. 4.6), the five-level

model from Fig. 4.4(b) based on Eq. 4.3 is still under-constrained. It has 11 independent

parameters: five energies, E1-E5, and six tunnel couplings, ∆0-∆5.
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The detuned Ramsey data from Fig. 4.1(h) (light yellow circles in Fig. 4.4(b)) provides

an approximate value for E5 and ∆5, which respectively govern the high-detuning asymptote

and low-detuning shape of E05. Similarly, the set of detuned Ramsey data from Fig. 4.1(j)

(orange triangles in Fig. 4.4(b)) places strong constraints on E15. Since E05 − E15 = E01,

these two Ramsey sets of data together constrain the high-detuning asymptote and low-

detuning shape of E01, thereby dictating the values of E1 and ∆0. With this constraint on

E01, the relation E0n − E1n = E01 narrows the values of the other energies E2-E4. Each

energy En has at least two Rabi measurements (one for E0n and one for E1n) to define its

value. Table 4.3 shows the percent change in each energy En which degrades the fit.

The individual tunnel couplings ∆1-∆4 are not as firmly constrained as the energy values.

However, as all the eigenvalues are interdependent, the individual tunnel couplings as well as

the sum of the tunnel couplings are constrained to be within a certain range. For example,

having any or all of ∆n too large will push both E01 downward and E05 upward, both of

which are well constrained, as discussed above. Table 4.3 shows the percent change in each

tunnel coupling ∆0 and ∆5, as well as the percent change for all the tunnel couplings ∆1-∆4

which are set equal, that degrades the fit.

Table 4.3: Parameters for Eq. 4.3 chosen to best fit the data and percent change in each
parameter that degrades the fit.

Energy Tunnel Coupling
En E/h (GHz) δE (%) ∆n ∆/h (GHz) δ∆ (%)
- - - ∆0 6 10
E1 0.75 20 ∆1 1.5 30
E2 4.3 10 ∆2 1.5 30
E3 5.1 8 ∆3 1.5 30
E4 6.1 5 ∆4 1.5 30
E5 9 4 ∆5 10.5 10
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4.2.6 S6: Estimations of excited-state populations

In the experiment, the qubit is initialized at very negative detuning values. In this region,

the ground state is well-separated from the first-excited state, ensuring proper initialization.

To manipulate the qubit, the detuning is pulsed from this region to positive detuning. Due

to the large number of low-lying excited states, some excited states may be populated during

this process. To estimate the excited-state populations, we simulate the initialization pulse

to the positive detuned regime.

To describe the qubit, we consider the effective model given by Eq. 4.3. This model,

while an approximation, provides intuition on the interactions with the excited states. In

the experiment, the initial detuning value

ranges from −400 to −300 µeV (−97 to −73 GHz). Since the experimental pulses go from

the negative far-detuned regime to the positive detuned regime, the exact initial detuning

position is not relevant; hence, we choose ε0 = −350µeV. The simulated pulse is simply

ε(t) = ε0 + εh/tg · t, where εh is the pulse height and tg the duration of the pulse.

We consider the four different experimental pulses in Table 4.4, which are representative

of the pulses used in this work. The three states with the highest initialization population

are also shown in the table. The results show that the ground state is the most populated,

and that there is non-negligible population in the first excited state, consistent with the

experimental results reported in the main text. The third excited state, which has the next

highest initialization population, is less populated and not observed in the experiments.

Table 4.4: Expected ground (ρ0) and excited state (ρ1,3) populations based on the pulse
sequence used.

Pulse 1 Pulse 2 Pulse 3 Pulse 4
εh (µeV) 680 646 612 816
tg (ns) 6 6 6 9
ρ0 0.841 0.873 0.872 0.864
ρ1 0.082 0.083 0.082 0.076
ρ3 0.054 0.023 0.026 0.038



61

4.2.7 S7: Pulses and pulse corrections

Lock-In 
Reference frequency

Manipulation 
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Figure 4.10: (a) Schematic of the experimental set up. The two AWG channels are needed
only for Ramsey experiments to get the finest possible time step. (b) Schematic of the
comparative pulse measurement as well as the two AWG channel combination method used
for Ramsey sequences. .

Figure 4.10(a) shows the full electronics setup used in this experiment. Waveforms are pro-

duced digitally, and then pulses are generated using a two-channel Textronix AWG 70002A,

which has a 25 GS/s sample rate. To achieve finer then a 40ps time steps for Ramsey se-

quences, the two channels can be combined and the relative skew between the two channels

swept, resulting in a 5ps minimum time step. This channel addition is shown in Figure

4.10(b). We perform lock-in measurements at the frequency with which we modulate on and
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off the manipulation pulses. For both the Ramsey and Rabi measurements, the null pulse

used for comparison has the same DC structure without any microwave drive. Each pulse

consists of a short manipulation phase followed by a longer measurement phase of typical

duration 1.2µs. The typical modulation frequency used for lock-in reference is around 10kHz.

The reported Ramsey fringes are the amplitude of the lock-in signal.

The pulse sequences we use consist of quasi-dc changes in detuning combined with ac

microwave bursts. Because of the frequency dependent attenuation down the dilution refrig-

erator, we apply pulse corrections to make our dc pulses more similar to the intended shape.

We use S21 measurements of the high frequency lines to determine the frequency dependent

attenuation expected. We then take a FFT for a step function, and weight the spectrum

according to our S21 measurements. An inverse FFT is taken to obtain the corrected pulse

segment, which becomes the building block for our new pulse sequence. We apply the cor-

rected building block for every change in dc level to our intended dc pulse sequence. This

pulse sequence visually looks like an overcorrection of the pulse in order to counteract the

measured finite rise-time. We finally add in any ac components to our pulses. After these

pulse corrections, there is still an observable drift in the top of the pulse as a function of

time for short times (Ramsey measurements). To place points on Fig. 4.4(b) it is important

to know the detuning. Thus, we perform additional post-processing to the Ramsey data by

shifting line scans with the function A(1 + be−t/τ ) in order to align the dispersion minima of

consecutive Ramsey oscillations. This allows us to accurately plot detuned Ramsey data for

small times, such as the light yellow circles and orange triangles in Fig. 4.4(b). Here, A is

the detuning pulse amplitude, b = 0.2, and τ = 1.8 ns.
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Chapter 5

Novel operation regimes of a 3D

integrated cavity-dot system

This chapter presents measurement of a double-quantum-dot coupled to a superconducting

cavity performed by driving the cavity with a microwave pulse sent from the quantum dot

gate. This gate-based driving results in an enhanced transmission through the cavity at the

interdot transition which is tunable with tunnel coupling between the two quantum dots.

One potential explanation based on modulated longitudinal coupling between the dots and

the cavity is presented and used to fit the transition peak under different regimes. Excited

state readout of a QDHQ is performed using rapid dc pulses, and used to extract the singlet-

triplet splitting in each dot. Finally, a proposal for reduced coax operation of such systems

is included, based off the presented measurements.

5.1 Dispersive readout

All of the work presented in the previous chapters was performed using an auxilliary quantum

dot coupled to the qubit as an integrated charge sensor. Since the charge sensing dot was

capacitively coupled to the two dots which make up the qubit, changes in charge occupation

at the double-quantum dot resulted in capacitive shifts of the charge sensor, affecting the
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current measured through the dot. This is a widely used method of quantum dot qubit

measurement, but requires an electron reservoir, barrier gates, screening gates and a plunger

gate for each charge sensor and is therefore expensive in terms of space on sample and DC

lines inside the fridge.

Another method of charge sensing is through gate-based dispersive readout either with

an LC tank circuit [138–140] or coupled resonator [50, 141–143], as described in Fig. 5.1.

This method is also made possible by the capacitance between the qubit and readout circuit,

as shown in Fig. 5.1(a) which provides schematically a simplified circuit diagram for the

sample described later in this chapter. Here, the dispersive measurement is achieved using

a high impedance coplanar wave guide (CPW) which has capacitive connections to the lab

on its input and output, as well as a DC tap and capacitive coupling to two quantum dot

devices. The circuit has a relatively high-Q resonance, and the frequency of that resonance

will experience capacitive shifts in response to changes in the qubit system as depicted in

Fig. 5.1(b) with the dark (unshifted) and light (shifted) lines. Unlike a quantum dot charge

sensor or QPC, dispersive readout mechanisms are not sensitive to total charge differences;

instead, they are sensitive to changes in electron occupation with tunnel rates at or above

the circuit’s resonant frequency [138,144–146].

Figure 5.1(c) shows schematically the two types of transitions that the cavity is most

sensitive to: tunneling from a quantum dot to a reservoir with tunnel rate near or above

the cavity frequency, and tunnel coupling between two coupled quantum dots with coupling

rate near or above the cavity freqeuncy. Fig. 5.1(d) shows a charge stability diagram of

a double-quantum dot measured using a CPW resonator with resonance frequency around

1.3 GHz. Here, a constant microwave drive at the resonance frequency was sent to the cavity

input, and changes in the magnitude and phase of the transmitted signal were measured.

Note how the transition lines fade out at too high and too low voltages. Though the axes in

Fig. 5.1(d) are plunger gate voltages and not barrier gates, the cross-capacitance in the device

means that increases in the plunger gate voltage will act to increase the effective barrier gate
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Figure 5.1: (a) Simplified circuit diagram for a cavity coupled to a quantum dot device simi-
lar to the one used in the experiments described below. (b) Dispersive readout is performed
by probing the resonator circuit using a microwave tone at the resonance frequency and
measuring transmission through the cavity. When charge movement occurs in the capaci-
tively coupled quantum dots, the circuit experiences a capacitive shift of the resonance peak,
leading to suppression of the transmission. (c) The cavity is most sensitive to movement in
charge, particularly at rates near the cavity frequency. Such charge motion can arise from
tunneling from a quantum dot to the electron reservoir, or tunneling between two quantum
dots. (d) An example of a DQD sensed using dispersive readout. Faded transition lines
indicate tunnel rates that are either above (higher values of VP1,2) or below (lower values of
VP1,2) the cavity frequency.

voltage, softening the barrier and increasing the tunnel rate in the absence of any tuning

compensation. Thus, the regions of strong and faded signal indicate an optimal voltage

where the tunnel rates are most in resonance with the cavity. As suggested in Ref. [146], at

tunnel rates below the resonant frequency, tunneling events between the dot and the reservoir

are too slow to couple to the cavity fields; at tunnel rates above the resonant frequency, the

transition lines broaden and the peak height decreases. This highlights how the dispersive

method greatly reduces the total number of lines per sensor at the cost of bandpass filtering

the readout signal.

For completeness, it is important to comment that CPW resonators have an additional

benefit of potential long-range coupling of qubit clusters. Long range coupling of two spins
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mediated by a cavity has been demonstrated [147,148], and shows a very promising approach

for scaling to large numbers of qubit arrays. It also allows for a larger qubit-to-sensor ratio as

compared with a quantum dot charge sensor, which has best sensitivity if limited to sensing

2-3 nearby quantum dots. An important part of the cavity mediated coupling between spin

or charge qubits is strong coupling between qubit and cavity, and energy exchange between

the electron and a single photon [87, 98, 149–151]. This limit was not investigated and is

therefore outside the scope of the following work.

5.2 Dot-gate driven enhanced transmission
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Figure 5.2: (a) Schematic of 3D integrated sample, where a high-impedance TiN resonator
die is galvanically connected to a Si/SiGe quantum dot die. (b) Dark field optical microscope
image of a completed qubit die chip. Inset shows a scanning electron microscope image of a
sample nominally identical to the one used in these experiments. In this work, the cavity is
driven using high-frequency lines connected to P3, and S1. (c,d) Dispersive measurements
of a double quantum dot at the (NP2, NP3) → (2,1)-(1,2) charge configuration, measured
by probing the cavity with a modulation on (c) S1 and (d) P3, with no changes in the
electrostatic configuration of the quantum dots.

The work in Section 5.2-5.4 comprises a manuscript in preparation [152].



67

The sample used in this experiment is a 3D-integrated, high-impedance TiN λ/2 copla-

nar waveguide resonator die coupled to a Si/SiGe quantum dot die, consistent with that

presented in Ref. [153]. The 3D nature of the device relieves both wiring and fabrication

constraints; wiring by allowing more space on the qubit die for qubit lines and fanout,

fabrication because the qubit and cavity chips are no longer constrained to have the same

lithographic processes for fabrication. Fig. 5.2(a) shows a schematic of the device, where

the qubit chip is capacitively coupled to the resonator chip through gate S1. A λ/4 segment

shunted by a large parallel plate capacitor on the quantum dot die is used for voltage biasing

of the coupling gate, S1. Galvanic contact between both dies is achieved using underbump

metal pads placed at the voltage antinodes and at the end of the λ/4 DC tap. A dark field

optical image of a completed qubit die chip is included in Fig. 5.2(b) with the inset showing

a scanning electron microscope image of a device nominally identical to the one used in this

experiment.

Figure 5.2(c,d) shows the interdot transition of a three-electron double quantum dot

formed using gates P2 and P3 at the (NP2, NP3) → (2,1)-(1,2) charge configuration, mea-

sured by sending a modulation at the cavity frequency down gates S1 (Fig. 5.2(c)) and P3

(Fig. 5.2(d)). Because of the capacitive coupling between the qubit gates and the cavity

through the coupling pin S1, these drives generate a cavity response with Q and SNR simi-

lar to driving the cavity at the input port. As compared with the dip in cavity transmission

at the interdot transition when probing just the cavity via S1 (Fig. 5.2(c)), there is a clear

enhancement in transmission when the drive is applied using P3 (Fig. 5.2(d)). There are

no electrostatic changes to the tuning of the double dot between these scans, indicating

the enhanced signal is unique to probing the cavity with P3 as opposed to S1. Since the

double-quantum-dot is defined under dot gates P2 and P3, the microwave drive on gate P3

also generates a drive on double-dot-detuning ε, with strength αε,P3Vac.

Figure 5.3(a) demonstrates the dependence of the enhanced transmission response on the

interdot tunnel coupling. At low tunnel coupling (i), the interdot transition produces a faint
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Figure 5.3: (a) Tunnel-coupling dependent enhancement of the cavity transmission across
the interdot transition with modulation applied on gate P3, for three different tunings (i-iii).
The cavity transmission shifts from a dip in (i) to a peak in (iii), passing through a region
of no transmission change (ii). (b) Interdot transition transmission peak as a function of
tunnel coupling, tuned using the barrier gate B3 between the two dots. There is first an
increase in peak height from near zero to a maximum around 0.3mV, after which the peak
starts to decay at even larger tunnel couplings. (c) Three line cuts at B3 values VB3 = 600,
800, and 950 mV.

suppression of the cavity transmission, more similar to the transmission dip in Fig. 5.2(c).

At a larger tunnel coupling value (ii), there is no visible interdot transition, and at an even

larger tunnel coupling (iii) the cavity transmission is enhanced across the interdot transition.

The P3-driven plot in Fig. 5.2(d) is at a fourth tuning of larger tunnel coupling than (iii).

Further characterization of the transmission peak’s tunnel coupling dependence is shown

in Fig. 5.3(b), where the tunnel coupling is tuned by the barrier gate B3 between the two

quantum dots. Here the peak of the interdot transition is fit with a cosh−2 and the peak

amplitude is extracted. Moving from lower to higher tunnel couplings within the range of

VB3 = 550 to 700mV results in increased peak amplitude. At high enough tunnel couplings,

this growth in amplitude slows and then starts to decrease in the range VB3 = 800 to 950mV.
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The change from negative, to zero, to positive peak amplitude in Fig. 5.3(a) and the increase

in peak amplitude in Fig. 5.3(b) from VB3 = 550 to 700mV is likely due to a ‘turning-on’ of

an interaction or coupling, which we will call g?. When this g? is low, the transmission peak

is negative (ie Fig. 5.3(a)(i)), similar to a dispersive interaction from transverse coupling,

g⊥. When g? is equal in strength to g⊥, these two couplings will cancel so that no peak

is observed (Fig. 5.3(a)(ii)). As the g? strength is increased, the peak amplitude will also

increase, as seen in Fig. 5.3(b). The decrease in peak amplitude at higher tunnel couplings

Fig. 5.3(b) is likely similar to the decrease in charge-sensed, interdot-transition signal due

to the line broadening.

5.3 Modulated longitudinal coupling

As mentioned earlier, cavity-based readout of quantum dot devices is a promising path to-

wards long-range coupling of qubit clusters, with demonstrations of both spin-photon inter-

actions [98,142,150,151] and photon mediated spin-spin interactions [147]. These works have

focused on field-field coupling between the qubit and cavity, known as transverse coupling.

However, there are many other types of couplings, like energy-energy interactions commonly

denoted as longitudinal couplings. These longitudinal couplings are expected to be stronger,

allow for faster gates, and be QND [154–159]. Both static [160–163] and modulated longi-

tudinal couplings [164, 165] have been demonstrated experimentally in the superconducting

qubit community. Though there have been many theoretical proposals about investigating

these couplings in quantum dot qubits coupled to resonators, and recent work has measured

a longitudinal coupling strength via interactions with a qubit [166], resonator readout of

modulated longitudinal couplings has yet to be implemented.

Figure 5.4(b-d) shows schematically the three types of couplings expected for a qubit
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Figure 5.4: (a) Basic experimental setup, where a double quantum dot qubit is placed inside
a cavity field. (b) Transverse coupling of the form σx(a + a†) allows for transfer of energy
between the qubit and cavity. (c) Static longitudinal coupling of the form σz(a

†a) generates
energy shifts in the cavity (qubit) depending on the state of the qubit (cavity). (d) Dynamic
longitudinal coupling of the form σz(a + a†)cos(ωmt) generates changes in the cavity state
and field strength due to both modulation of the qubit energy and the qubit state.

placed inside the field of a cavity, as seen in Fig. 5.4(a), using the dressed state of the

qubit-cavity system, |c, q〉. Fig. 5.4(b) describes an interaction of the qubit and cavity fields

H⊥/~ = g⊥σx(a + a†), characterized by transverse coupling strength g⊥. With transverse

couplings, an excitation of the qubit state from |g〉 to |e〉 is accompanied by a reduction in

the number of photons in the cavity. The next two couplings described in Figure 5.4(c,d)

are considered ‘curvature couplings’, because their coupling strength is proportional to the

curvature of the qubit’s energy levels, d
2(E01)
dε2

. The static longitudinal coupling δω, commonly

known as the quantum capacitance, is depicted in Fig. 5.4(c), and is an interaction Hδω/~ =

δω(aa†+ 1/2) between the qubit and cavity energies. In this case, changes in the qubit state

or photon number result in shifts in the energy ladder.

Figure 5.4(d) describes a dynamical longitudinal coupling H||/~ = g̃||σz(a+a†)cos(ωmt+

φm) which is turned on when the qubit is driven at some ωm near the cavity resonance
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frequency. This dynamical coupling has two effects; modulation in the qubit detuning over

regions of high curvature causes changes in the total number of photons in the cavity, and

changes in the qubit state shift the overall field strength of the cavity. This type of coupling

has been described in detail in Ref. [158,159].

To investigate the origin of the enhanced interdot transmission described in the previous

section, it is interesting to consider the possibility of a dynamical longitudinal coupling, as

the measurement scheme includes an oscillating detuning drive at the resonator frequency.

The IQ magnitude of the cavity transmission for a qubit in the ground (-) state as a function

of detuning, measured using a homodyne detection scheme, is estimated as [152]

IQ−(ε) =
B(ε̃d + 1

2
[g̃S1
|| (ε)− g̃P3

|| (ε)])√
[χ(ε) + δω(ε)]2 + κ2

4

. (5.1)

Here, ε̃d is a classical drive on the cavity, g̃S1
|| (g̃P3

|| ) is a longitudinal coupling induced by a

detuning drive from the cavity coupling gate S1 (P3), χ(ε) is the usual transverse dispersive

coupling, δω(ε) is the static quantum capacitance coupling described in Fig. 5.4(c), and κ is

the resonator damping.

To compare accurately with the experiments described in Fig. 5.2, g̃P3
|| is nonzero only

when the modulation is applied to P3, and g̃S1
|| will always be finite with magnitude given by

the effective drive on S1, causing small fluctuations in ε. Because of the large singlet-triplet

splittings in each double quantum dot, as discussed below, g̃||, χ, and δω are computed for

a charge qubit, resulting in

g̃|| =
ωr
2

η

~
4t2c

[ε2 + 4t2c ]
3/2
eṼm(,c), (5.2)

χ =
g2
⊥

∆
=
(ωr

2

η

~
)2 4t2c

[ε2 + 4t2c ]

1

ωr − ωq
, (5.3)
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δω = ~
(ωr

2

η

~
)2 8t2c

[ε2 + 4t2c ]
3/2
. (5.4)

ε̃d is approximated as ε̃d = ∆x0F0

2~ with zero point fluctuation ∆x0 =
√

~
2ωrLr

and force

amplitude F0 = αṼm,c [152]. Here, Vm,c is used to refer the the voltage modulation on the

cavity pin, S1, used in g̃S1
|| and ε̃d, and Vm is reserved for voltage modulation on the P3 dot

gate. A global negative is in front of g̃P3
|| in Eq.5.1 because of the opposite dependence on ε

a modulation from P3 will have as compared with modulations from the cavity pin, S1.

Fig. 5.5(a,b) plot in teal line cuts across the interdot transition lines seen in Fig. 5.2(c,d).

In yellow are fits as a function of double-quantum dot detuning ε to Eq.5.1. An estimated

cavity Q = 9000 and the cavity resonance frequency fr = 1.3 GHz were used in each fit, as

well as an estimated detuning alpha with respect to gate P2 αε,P2 = 0.13, used to convert the

data from volts to µeV. Fig. 5.5(a) was fit holding g̃P3
|| = 0, extracting an overall constant B

= 0.00228, coupling to the cavity αc=0.058, tunnel coupling tc=7.47 GHz, and voltage
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Figure 5.5: (a,b) Line cuts across the interdot transition lines of the plots shown in
Fig. 5.2(c,d) with fits in yellow using the expression for IQ given by Eq. 5.1. (c) The same
data showing the interdot peak amplitude as a function of coupling as seen in Fig. 5.3(b,c),
now with three line cuts at B3 values VB3 = 810, 890, and 950 mV. Each line cut is fit to
Eq. 5.1 resulting in tc = 7.4, 8.4, and 9.6 GHz, respectively.
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modulation Vm,c = 18 µV.

Using all of these values, Fig. 5.5(b) is then fit for both Vm,c and Vm, the modulation in

detuning on P3 used in g̃P3
|| . Vm,c is re-fit since the experimental drive is slightly different

between driving on the S1 and P3 gates, as seen in the different background value of |IQ|

in Fig. 5.5(a,b). The fitted values for Fig. 5.5(b) are Vm,c = 19.7 µV and Vm = 147.5 µV.

This value of Vm is consistent with the on-chip peak-to-peak voltage estimates given the

attenuation in the lines and power applied, and indicates the voltage at the sample. To

get the voltage on the dot, these values would be multiplied by the corresponding gate-

to-dot lever arms, which in these fits are lumped in to the overall constant B. The ratio

Vm,c/Vm=0.13 gives an estimate for relative drive strength going to the cavity when driving

using the P3 gate.

Figure 5.5(c) looks at three line cuts for VB3 = 810, 890, and 950 mV, and fits them

using Eq. 5.1 with fits plotted in yellow. For each fit, the parameters from Fig. 5.5(b) are

held constant, and are fit for tc and αc. A slight change in αc with changing tc can be

understood with movement of the quantum dots; a higher tunnel coupling will bring the

two quantum dots closer together, and a lower tunnel coupling will separate them further

apart. These changes can then impact how strongly the cavity coupling gate will couple to

the double-quantum-dot system.

The resulting tunnel couplings for each curve in Fig. 5.5(c) are tc = 7.4, 8.4, and 9.6

GHz, with αc = 0.0584, 0.058, and 0.0577 respectively. For Eq. 5.1, the peak height at ε =

0 increases as tc decreases and approaches fR, which is not seen in the experimental data.

As Eq. 5.1 describes the system in the dispersive, adiabatic limit (tc >> fr), it is likely only

valid at the large tunnel coupling limit VB3 = 800 to 950mV. The increasing amplitude in the

range VB3 = 500 to 800mV could be due to the system becoming more adiabatic with respect

to the applied drive, such that more curvature is sampled and the modulated longitudinal

coupling is increased.

It is worth noting that Fig. 5.5(c) presents a relatively wide range of tunnel couplings,
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all larger than the cavity frequency, that have finite peak height. This is compared with

typical dispersive readout of double quantum dots where the maximum transmission ampli-

tude signal at the polarization line occurs when the qubit energy (2tc) is near the resonant

frequency [142]. The decoupling of tunnel coupling and cavity frequency will allow for wider

flexibility of qubit Hamiltonians, particularly for that QDHQ for which the shape of the qubit

energy dispersion is governed by ground and excited state tunnel couplings, as described in

Chapter 3. Relaxing the constraint that 2tc ≈ fr, particularly in favor of 2tc > fr, will make

this readout regime more easily attainable while maintaining favorable qubit parameters.

5.4 Excited-state readout of a QDHQ

As described above, a readout resonator coupled to a double quantum dot will be sensitive

to charge movement, both from a dot to an electron reservoir and between two quantum

dots. For a QDHQ, where the qubit Hamiltonian is engineered to have charge and spin-

like regimes, locations in ε where cavity-based readout is possible are limited. Fig. 5.6(a)

highlights the far detuned limits of the qubit energy eigenvalues in red; in these regions,

the qubit is spin-like and both levels have the same charge configuration. Thus, there is no

charge movement when transitioning between qubit levels and the cavity will be insensitive

to these changes. Fig. 5.6(a) highlights the ∆1 charge anticrossing in orange; while there is

charge movement at this anticrossing and readout is possible, the qubit would have to be

adiabatically transformed from the manipulation region (far detuned) to the anticrossing (ε

= 0). This brings the qubit through the region most sensitive to charge noise and could

introduce dephasing.

Readout can instead be performed at the excited state anticrossings, highlighted in yellow

in Fig. 5.6(a). Here, the qubit can be manipulated in the far positive (negative) ε and

adiabatically pulsed to a detuning value centered with the ∆2 (∆3) anticrossing. If the qubit

is in the ground state, no readout will occur; however, if the qubit is in the excited state,
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it will be brought to the ∆2,3 anticrossing and excited-to-ground state tunneling events are

allowed. After this readout, initialization through decay process or state pumping must be
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Figure 5.6: (a) Constraints for resonator-based readout of a QDHQ. (b) Experiment descrip-
tion for a right-moving pulse. Starting in the (2,1) configuration, a rapid dc pulse through
ε = 0, across the polarization line, will result in a beam splitting effect and finite popula-
tion into the excited state branch. Returning the pulse to the start location will maintain
excited state occupation, and allow for tunneling events at the 2∆3 anticrossing, which can
be sensed by the cavity. A similar experiment can be done pulsing the other direction, and
will result in 2∆2 tunneling events. (c) Polarization line at the (2,1)-(1,2) region, with no
dc pulse applied for comparison. (d) The same polarization line as in (c) at the same device
tuning, now with a right-moving dc pulse, as described in (b). This produces a doubled
polarization line to the left of the original. (e) Measuring across the doubled polarization
line as a function of dc pulse amplitude. An amplitude threshold must be met in order for
the doubling to occur, after which the spacing between both peaks remains constant. (f)
The same experiment as in (d) except with a left-moving dc pulse. This produces a doubled
polarization line the right of the original. (g) The same experiment as in (d) except with
a right-moving dc pulse. Note the difference in threshold amplitude and distance between
original and doubled polarization line peaks, indicating asymmetry in the ∆2,3 anticrossing
locations.
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performed.

The rest of Fig. 5.6 demonstrates excited-state readout of a QDHQ at its excited-to-

ground state charge anticrossings by applying a fast dc pulse similar to the Larmor experi-

ments described in Ref. [54, 65]. Fig. 5.6(b) describes the diabatic pulsed experiment for a

right-moving (positive detuning) pulse traversing the QDHQ energy levels, where the logical

|0〉 (|1〉) is shown in dark (light) teal. The pulse starts at negative ε such that the ground

state of the system is the (2,1) configuration. Then, ε is changed abruptly to positive ε.

Traversing the ∆1 charge anticrossing in this way will have a beam-splitting effect, generating

finite population in the excited state with Landau-Zener probability P1 = PLZ = exp(
−2π∆2

1

4v
)

where v is the pulsing velocity [167]. After a short wait time, ε is changed again to return

to its original value. This will leave some fraction of the state population in the excited

state, roughly given by P1(1 − exp(−2π∆2
3

4v
)), allowing for 2∆3 tunneling events to occur at

the excited state anticrossing. For qubit operation, this method will allow for mapping of the

qubit state from large negative (positive) detuning to the ∆3 (∆2) anticrossing; the cavity

will only generate a response when the qubit is in state |1〉, not |0〉. Because the excited

state anticrossing is located at the qubit dispersion rollover, and this rollover occurs where

ε ≈ EST , measuring the location of this anticrossing is also a good approximation to the

singlet triplet splitting, similar to the spectroscopy done in Ref. [168].

Figure 5.6(c) shows a stability diagram at the (2,1)-(1,2) anticrossing with no pulse

applied; the cavity is being driven by sending a microwave pulse at the resonance frequency

down an rf-line connected to the P3 gate, as described above, resulting in positive changes

in the magnitude of the cavity transmission, as seen at the polarization line in Fig. 5.6(c).

To generate a sufficiently diabatic pulse for this experiment, the ground-to-ground state

tunnel coupling ∆1 had to be somewhat small, and thus the peak amplitude at the charge

anticrossing in Fig. 5.6(c) is relatively small as compared with other data at higher tunnel

couplings shown in the previous sections.

Figure 5.6(d) shows a stability diagram at the same tuning as Fig. 5.6(c) with the pulse
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described in Fig. 5.6(b) applied. Since the pulse is right-moving, the doubled polarization

line appears to the left of the original. Note that the doubled polarization line also generates

enhancement in the cavity transmission signal of similar strength; this indicates that ∆3 ≈

∆1. Fig. 5.6(e) plots the polarization line doubling as a function of dc pulse amplitude.

At a threshold voltage of around 100 mV, the doubling appears, and at higher voltages

the two lines remain parallel. This threshold indicates the distance from the excited state

anticrossing to the ground state anticrossing; if the pulse is too short to reach ε = 0, no

beam splitting will occur and no excited state population is generated. Once the pulse can

cross ε = 0, excited state population is always generated and is not dependent on the pulse

amplitude.

Figure 5.6(f,g) are the same measurements as Fig. 5.6(d,e) except with a left-moving

(negative detuning) pulse instead of a right-moving one. This generates a doubling of the

polarization line to the right of the original, indicating excited state transitions at the ∆2

anticrossing. When comparing Fig. 5.6(e,g), it becomes clear that the singlet-triplet splittings

in the two quantum dots are different. This can be seen in the difference in threshold voltage

and the separation between the original and doubled polarization lines, both of which equate

to the singlet triplet splitting. Using an estimated αε of 0.13, the singlet-triplet splitting

in the left (right) dot is estimated to be 116 (195) µeV. Due to such high singlet-triplet

splittings, microwave operation of these qubits were out of reach of the physical instruments

in the lab; however, this work presents the viability of such operation and measurement in

the future.

5.5 Proposals for reduced-coax readout

Though dispersive readout reduces the number of DC lines needed for device operation as

compared with quantum dot charge sensors, it increases the number of high frequency coaxial

cables (rf coax) which are larger than dc lines and can take up more surface area per line
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Figure 5.7: (a) Intended operation for the device used in the experiments above, and other
state-of-the-art experiments of cavity mediated two-qubit coupling. (b) Proposed measure-
ment scheme using the setup presented above, where the cavity is instead driven with the
rf coax dedicated for qubit control. This reduced the number of coaxial lines by 1 for a
two qubit device mediated and measured by a cavity. (c) Further reduction achieved with a
global rf gate, more similar to the idea of an ESR line, which would send microwave pulses
for all the qubits present as well as the cavity. This would lower the bandwidth requirements
to just dc pulsing for the qubit rf (or mid frequency) lines. (d) Operation of a global rf
gate would just require synching of the microwave pulses and dc pulses, such that the qubit
microwave drive is sent down during the manipulation portion of the dc pulse and the cavity
drive is sent down at the measurement portion.

on the cold plates of the dilution refrigerator due to the requirements for attenuation and

thermalization. Thus, for true scalability, the number of rf coax has to be minimized, as

expressed in proposals for large scale spin qubit arrays [107,108].

Figure 5.7 describes two methods to reduce the total number of rf coax, based on the

previously demonstrated experiments. Fig. 5.7(a) plots a simple circuit schematic similar to

the one shown in Fig. 5.1(a), where there are four rf coax required for two qubits coupled by a

CPW resonator; the cavity input and output lines and two control lines for each qubit. This

model itself could be reduced by one line by optimizing the readout circuit for reflection as

opposed to transmission. An alternative to the traditional setup as described in Fig. 5.7(a)

is that shown in Fig. 5.7(b), where the rf coax intended for qubit control can also send down

a microwave drive for the cavity, reducing the cavity’s rf coax requirement to just an output
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line. This is what was achieved in the above experiments.

Fig. 5.7(c,d) describes an even further reduction of rf cabling, where there is only one

local rf gate for each qubit cluster. This gate would send down microwave pulses for both the

qubit and cavity, leaving the qubit lines only requiring dc pulsing. For most qubit control, the

dc pulses are adiabatic which have much lower frequency bandwidth constraints as compared

with those intended for rf control. A combination of pulse sequences is shown schematically in

Fig. 5.7(d), where a microwave pulse for qubit control is synchronized with the manipulation

portion of the dc pulse, and a microwave pulse for cavity readout is synchronized with the

measurement portion of the dc pulse. With this method, the two qubit cluster that originally

needed 4 rf coax to control both qubits and to read out the cavity only needs 2 rf coax: one to

send down qubit and cavity microwave pulses and one to measure the cavity response. If each

arm of the cavity had not one but multiple qubits, such as two or three single-spin qubits,

the benefit of a global rf gate would be even greater. Manipulation of individual qubits with

different qubit energies would involve sequential microwave pulses at different frequencies,

similar to multi-qubit experiments done with ESR lines [36]. This may be coupled with dc

pulsing of the qubit detuning or other parameters to avoid off-resonance driving of qubits

which share a global rf gate.
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Chapter 6

Appendix

6.1 Additional Ramsey and Larmor data
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Figure 6.1: (a) Larmor oscillations at the same tuning as Fig. 3.3(a,b). (b) Ramsey oscilla-
tions with diabatic dc pulse used for the points near zero detuning in Fig. 3.3(b). (c) Original
data from Fig. 3.3(c). (d) Background subtracted from (c) for every time step/amplitude
sweep. (e) Background subtracted from (c) for every amplitude step/time sweep. (f) Back-
ground subtracted from (c) in both the time and amplitude directions.
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Figure 6.1 includes additional data for use in understanding Fig. 3.3. Fig. 6.1(a) shows

Larmor oscillations taken at the same device tuning as the measurements in Fig. 3.3(a), where

the pulse sequence consists of a diabatic dc pulse with with no explicit ramp time which stays

at it’s dc height for some time given by the x axis, Larmor time. In this measurement, the

resulting oscillations occur with characteristic frequency given by the qubit energy at a given

location in detuning. The oscillations in Fig. 6.1(a) have a high frequency (fast oscillations)

around 10 GHz for far detuning (high δVP2) and a low frequency (slow oscillations) around

5 GHz at low detuning. These two values give estimates for the QDHQ qubit dispersion as

governed by the singlet triplet splitting EST/h = 10 GHz, and the charge anticrossing energy

as governed by 2∆1 = 5 GHz.

Figure 6.1(b) shows similar measurements at the same device tuning performed using

a detuned-Ramsey pulse sequence. As compared with the other detuned-Ramsey measure-

ments described in Chapters 2, 3, and 4, here the detuning pulse between the two π/2 pulses

has zero ramp time and is therefore more similar to a Larmor pulse. The intention in this

measurement was to measure Ramsey measurements similar to those plotted in Fig. 3.3(a)

while also probing the dispersion minimum at ε = 0, allowing for more accurate estima-

tion of the dispersion minimum and the Hamiltonian parameters. The faint oscillations in

Fig. 6.1(b) around -40mV in amplitude have oscillation frequency and shape very similar to

those around δVP2 = 0 in Fig. 6.1(a), and so were attributed to the charge anticrossing and

used for the points at the minimum in Fig. 3.3(b).

The data in Fig. 6.1(c-e) demonstrate the various signal subtractions used to get the

data in Fig. 3.3(c), which is replotted in Fig. 6.1(f). Starting with the unmanipulated,

raw data in Fig. 6.1(c), Fig. 6.1(d) shows the data with background subtracted for a set

point in time. This is done by averaging all the points for a set time (i.e. 2.8ns), and

subtracting that value from every point at that time. Fig. 6.1(e) does a similar operation,

except subtracting the average background for a set amplitude (i.e. -80mV). In comparing

Fig. 6.1(d) and Fig. 6.1(e), it is clear that subtracting the background in time gets ride of the
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global enhancement in signal in the 2.8-2.9 ns ranges and 2.9-3.0 ns ranges that is present

at essentially every point in amplitude, while subtracting the background in amplitude gets

ride of the global changes in background and peak signal present as a function of amplitude,

likely due to changes in the readout quality. Fig. 6.1(f) demonstrates the signal with both

background subtractions, with which you can more easily make out oscillations at amplitudes

below -80 mV.

6.2 DC Pulse correction

When doing Larmor or Ramsey measurements at short time scales, frequency dependent

attenuation in the cabling used to send the dc pulses can cause signal drift as a function of

detuning. This is because the attenuation will cause an unintended rise time of the dc pulse,

so the pulse at short times is not reaching as far in amplitude as the pulse at longer times.

This can make it difficult to accurately fit the data as a function of detuning, particularly if

the oscillations in question are not as coherent at longer time scales when the pulse sequence

is more stable. This section will discuss a signal correction method used to adjust for an

expected rise time by overcorrecting the pulse.

A piecewise function was generated to fit the frequency-dependence of the S21 transmis-

sion measurments through the high frequency line of the fridge shown in Fig. 6.2(a). Note

that these measurements do not include any effects of the sample board or the sample itself.

However, transmission measurements could be done of board using wirebonds from one rf

pad to another to characterize the board and typical wirebond performance, allowing for

better estimates of any frequency dependent performance of these elements.

For a given frequency, the amount of frequency dependent attenuation is calculated as

attenuation = 10(∆S21)/20) where ∆S21 indicates the difference of transmission as compared

with the low frequency value, 23.6dB. Using the piecewise function, the frequency dependent

correction for a single impulse (ie: an immediate step from 0 to 1) is calculated by first
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Figure 6.2: (a) S21 transmission for the high-frequency line used in the experiments in
Chapters 2-4. (b) Intended dc pulse for a qubit operation, as generated on a digital waveform
generator. (c) Corrected pulse from (b), generated by taking the FFT of an extrapolated
version of (a) and using it as a transfer function for (b).

generating a step function and taking it’s Fourier transform. It is important to shift the

spectrum so that it’s zero-frequency component is at the center (fftshift in python). Next, an

array of discrete Fourier transform sample frequencies is generated to reflect the experimental

time-step corresponding to the outgoing signal’s point spacing (fftpack.fftfreq). A transfer

function T is created using this discrete array of frequencies as inputs to the piecewise

transmission function, such that the corrected FFT will be FFT
T

.

The final correction to a single impulse will be the inverse FFT of the corrected Fourier

spectrum. Once this is calculated, the impulse correction has to be applied for the entire dc

waveform. This can be done in many ways — in the current version of the FFT corrected

Badger Signal Generator, the code looks for each instance of a change in voltage in the dc

waveform, and for each change multiplies the correction for a single impulse by the magnitude

of the voltage change. Thus, larger, more abrupt steps in voltage will get a larger correction,

and more adiabatic changes will need less correction.

All of this is currently done before adding in any microwave pulses to the sequence. The

microwave pulses will also be impacted by the frequency dependent attenuation by making

certain drive frequencies (particularly larger frequencies) weaker on chip for the same strength

drive at the instrument level.
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Figure 6.2(b) shows an example dc pulse that may be used for qubit control, and

Fig. 6.2(c) shows the corrected version of the pulse using the transmission from Fig. 6.2(a).

Note how both the increasing and decreasing portions of the pulse receive corrections. On a

practical level, it is important to ensure the corrections fall within the voltage range of the

AWG in use, which for the Tektronix 70001,2 is ± 250mV.
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the electronic Wigner crystal in one dimension. Science, 364:870–875, 2019.

[121] A. M. Mintairov, J. Kapaldo, J. L. Merz, S. Rouvimov, D. V. Lebedev, N. A. Kalyuzh-
nyy, S. A. Mintairov, K. G. Belyaev, M. V. Rakhlin, A. A. Toropov, P. N. Brunkov,
A. S. Vlasov, Yu.M. Zadiranov, S. A. Blundell, A. M. Mozharov, I. Mukhin, M. Yaki-
mov, S. Oktyabrsky, A. V. Shelaev, and V. A. Bykov. Control of Wigner localization



96

and electron cavity effects in near-field emission spectra of In(Ga)P/GaInP quantum-
dot structures a. Phys. Rev. B, 97(19):195443, May 2018.

[122] Sokratis Kalliakos, Massimo Rontani, Vittorio Pellegrini, César Pascual Garćıa, Aron
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Ripoll, N. Roch, and O. Buisson. Fast high-fidelity quantum nondemolition qubit
readout via a nonperturbative cross-kerr coupling. Phys. Rev. X, 10:11045, 2020.

[162] Sumeru Hazra, Kishor V. Salunkhe, Anirban Bhattacharjee, Gaurav Bothara, Suman
Kundu, Tanay Roy, Meghan P. Patankar, and R. Vijay. Engineering cross resonance
interaction in multi-modal quantum circuits. Appl Phys Lett, 116:152601, March 2020.

[163] Hiraku Toida, Takuya Ohrai, Yuichiro Matsuzaki, Kosuke Kakuyanagi, and Shiro
Saito. Control of the transition frequency of a superconducting flux qubit by lon-
gitudinal coupling to the photon number degree of freedom in a resonator. Phys. Rev.
B, 102(9):94502, 2020.

[164] S. Touzard, A. Kou, N. E. Frattini, V. V. Sivak, S. Puri, A. Grimm, L. Frunzio,
S. Shankar, and M. H. Devoret. Gated conditional displacement readout of supercon-
ducting qubits. Phys. Rev. Lett., 122(8):80502, Feb 2019.

[165] Joni Ikonen, Jan Goetz, Jesper Ilves, Aarne Keränen, Andras M. Gunyho, Matti Par-
tanen, Kuan Y. Tan, Dibyendu Hazra, Leif Grönberg, Visa Vesterinen, Slawomir Sim-
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