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Abstract

In this thesis, I present a microscopic theory of quantum circuits based on inter-
acting electron spins in quantum dot molecules. We use the Linear Combination of
Harmonic Orbitals-Configuration Interaction (LCHO-CI) formalism for microscopic
calculations. We then derive effective Hubbard, t-J, and Heisenberg models. These
models are used to predict the electronic, spin and transport properties of a triple
quantum dot molecule (TQDM) as a function of topology, gate configuration, bias
and magnetic field.

With these theoretical tools and fully characterized TQDMs, we propose the fol-

lowing applications:

1. Voltage tunable qubit encoded in the chiral states of a half-filled TQDM. We
show how to perform single qubit operations by pulsing voltages. We propose
the ”chirality-to-charge” conversion as the measurement scheme and demon-
strate the robustness of the chirality-encoded qubit due to charge fluctuations.
We derive an effective qubit-qubit Hamiltonian and demonstrate the two-qubit
gate. This provides all the necessary operations for a quantum computer built

with chirality-encoded qubits.

2. Berry’s phase. We explore the prospect of geometric quantum computing with

chirality-encoded qubit. We construct a Herzberg circuit in the voltage space
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and show the accumulation of Berry’s phase.

3. Macroscopic quantum states on a semiconductor chip. We consider a linear
chain of TQDMSs, each with 4 electrons, obtained by nanostructuring a metallic
gate in a field effect transistor. We theoretically show that the low energy
spectrum of the chain maps onto that of a spin-1 chain. Hence, we show that
macroscopic quantum states, protected by a Haldane gap from the continuum,

emerge.

In order to minimize decoherence of electron spin qubits, we consider using electron
spins in the p orbitals of the valence band (valence holes) as qubits. We develop a
theory of valence hole qubit within the 4-band k.p model. We show that static
magnetic fields can be used to perform single qubit operations. We also show that
the qubit-qubit interactions are sensitive to the geometry of a quantum dot network.
For vertical qubit arrays, we predict that there exists an optimal qubit separation

suitable for the voltage control of qubit-qubit interactions.
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Chapter 1

Introduction

The goal of this thesis is to understand and exploit the electronic properties of
quantum dots in order to construct a quantum circuit, an artificial device capable
of storing and processing quantum information. In this chapter, we first present an
overview of quantum computation and criteria for building a feasible qubit. We re-
view a set of semiconductor systems proposed for qubit implementation. Next, we
focus on semiconductor quantum dots. We discuss essential physical properties, the
fabrication processes, and the experimental measurements to probe these nanostruc-
tures. We then move onto discussing the realization of quantum teleportation in
a linear triple quantum dot. Teleportation is a truly quantum phenomenon which
requires interactions of three qubits. Through the example of teleportation, we illus-
trate how the electron spin-based qubits in quantum dots can be manipulated in a

realistic experiment.



1.1 Overview of Quantum Computation

In 1981, Richard Feynman [1] first discussed the fundamental difficulties of simu-
lating a quantum system with a classical computer, whose hardware components obey
the laws of classical physics, and proposed that only a quantum computer with ele-
mentary parts obeying the laws of quantum mechanics can simulate another quantum
system. Around the same time, in parallel to Feynman’s physics-oriented motivation
of building a universal quantum simulator, the field of quantum information theory
covering the topics of quantum cryptography and quantum communication had also
advanced significantly with contributions from early pioneers, such as Wiesner [2],
Bennett and Brassard [3, 4, 5|. However, the theoretical foundation of a quantum
computer, which relies on quantum bits (qubits) to encode and process information

by executing algorithms, was largely laid by David Deutsch [6].

Following Deutsch’s generalization of a bit, the elementary computational re-
sources, to a quantum mechanical two-level system, a qubit has a wavefunction of
the form |¢)) = a|0) + b|1) where a and b are complex numbers under the constraint
la|?> + |b|*> = 1. The probability of finding the system in the state |0) is given by
la|?. Similarly, the probability for state |1) is given by [b|*>. With two qubits, the
overall wavefunction has the general form |Wy) = @ |00) +b|01) +¢|10) +d |11), where
la]? + |b]*> + |c|* + |d|? = 1. Similarly, for an array of N qubits, the wavefunction is
expected to contain 2V configurations in general. The facts that a set of qubits is
isomorphic to a set of spin-1/2 particles (with |0) — [1) and |1) — |})) and that uni-

versal quantum computing can be constructed from single qubit gates and one double



qubit gate have established a common quantum computer model [7] of N qubits,

N

H=> h;-S;+> J;Si-S;, (1.1)

i=1 i>j
where h; is an effective magnetic field acting on the i-th spin (qubit) and S; is the
vector of Pauli matrices for the i-th spin (qubit). This is certainly not the only feasible
Hamiltonian to simulate qubits. For instance, a physical system with its constituents
interacting via Ising interaction can also be used as qubits.

In 1994, Peter Shor invented an algorithm [8] for factoring a large number into its
prime constituents on a quantum computer. The computational cost of Shor’s algo-
rithm is proportional to N? for an N-digit number, while the cost of the best classical
factoring algorithm is of the order of eV * for the same N-digit number. Factoring
a large number is a classic example of an NP (nondeterministic polynomial time)
problem in the theory of computational complexity, and Shor’s algorithm proves that
some NP problems can be solved “efficiently” on a quantum computer by reducing
the exponential cost to a polynomial cost. The power of a quantum computer can
essentially be attributed to two key properties of qubits: superposition and entan-
glement. With an exponential increase in the size of Hilbert space for N qubits, the
superposition and entanglement allow us to simultaneously process a large number
of inputs. The only dilemma for this “quantum parallelism” is due to the funda-
mental constraint associated with the measurement process, which can only provide
access to one of the many computed outputs at a time. Therefore, the advantage of
quantum parallelism is not readily available, and ingenious algorithms like Shor’s and
Grover’s [9], which are very different from what a classical computer scientist is ac-

customed to, are much needed for taking advantage of the full potential of a quantum



computer. The invention of Shor’s algorithm establishes the usefulness of a quantum
computer for computational purposes other than simulating another quantum system
and generated interest among researchers in different fields, and paves the way for

the development of quantum computers.

1.1.1 DiVincenzo’s Criteria: Search for a Physical Qubit

To guide construction of a quantum computer in a laboratory, the very first task
is to identify a suitable quantum mechanical system to function as a qubit. Not only
must the system be mapped onto a quantum computer model, such as Eq.(1.1), but
it also has to possess several other desirable properties, such as long coherence time
and scalability. To facilitate the process of selecting a promising physical system,

DiVincenzo [10] proposed the following five criteria:

1. Well-defined two-level system with high scalability,
2. Initialization to a pure state,

3. Universal set of quantum gates,

4. Qubit measurement,

5. Long coherence time.

The one criterion that probably causes the most concern for many physical re-
alizations of a qubit is the coherence property. There exists conflicting demands on
the ability of a qubit to couple to its environment. Since quantum information is

encoded in the phases, a continuous variable, of a qubit, it is necessary to have a way

4



to strongly couple the qubit to external circuitry in order to perform quantum infor-
mation processing with high fidelity. On the other hand, a qubit has to be, at best,
weakly coupled to its uncontrolled environment (for instance, phonons and nuclear
spins in a solid state device) in order to preserve the encoded quantum information.
The dilemma of weak / strong coupling to uncontrolled / controlled environment
makes the “long coherence time” a less straightforward criterion. For a physical sys-
tem with extremely long coherence time, it might take a long time to encode and
manipulate the information; therefore, the system allows more time for error to be
introduced due to decoherence. This issue is however settled, at least theoretically,
with the invention of quantum error correction codes [11, 12] and the concept of fault
tolerant computation [13, 14]. A theoretical threshold [15] of roughly 1 error per 10*
quantum operations has been established for quantum error correction to reverse any
errors during the computation process. Any physical system which satisfies the error
correction threshold can be considered to possess a long coherence time. The last
but not the least criterion, scalability, the capability of having more than just a few
qubits working coherently together, turns out to be a crucial factor. Some advanced
quantum computations have been demonstrated with qubits built with nuclear spins
in liquid solution [16]. Nevertheless, due to the limited scalability (up to the order
of 10 qubits), these systems are not likely to form the basis of future, large scale

quantum computers.



1.1.2 Semiconductor Qubits

In this section, we discuss a subset of solid state qubits in further detail. In 1996,
Brum and Hawrylak [17] proposed quantum information processing with electrons in
quantum dots. In this study, a connection is made between the second quantization
representations of electrons in a network of quantum dots and the representation of
bits in computer science. For instance, for N electrons in Ngp dots (with one orbital
in each dot), the second quantization representation of a possible configuration is
|0,1,1,0,...) where each 0 / 1 denotes the absence / presence of an electron on a
particular dot and in a particular spin state. This led to the idea of charged qubits
in a multi-dot device. For instance, a charged qubit in a double dot has two distinct
states: electron in the left dot or in the right dot. Following Barenco’s proposal, the
controlled-NOT (CNOT) gate for two charged qubits in a 4-dot device was shown to
be achievable with the use of an external electric field, which polarizes the dots and
generates electric dipole interaction to couple the charges. Besides quantum circuits
of charged qubits, the 4-dot device with two electrons was also shown to be capable

of simulating quantum cellular automata.

In 1998, another proposal for implementing qubits with electrons in quantum dots
was put forward by Loss and DiVincenzo [18]. The difference this time is that they
proposed to implement each qubit with a single electron spin. In Ref. [18], Loss
and DiVincenzo assumed that the electron-electron interaction can be conveniently
modelled by the Heisenberg interaction defined in Eq.(1.1) with the exchange inter-
action J controlled by voltages on electrostatic gates. In this model, electron spins

are rotated via electron spin resonance (ESR) techniques. A two qubit operation,
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VSW AP, which is explained in detail in Sec.[1.3.2], can be generated by turning

on-off exchange interactions.

Beyond electrons in quantum dots, Bayer et. al. [19] proposed to use a pair of
vertically aligned self-assembled quantum dots to implement quantum gates. In this
proposal, an exciton (electron-hole pair) is generated optically. With an electric field
along the growth direction of the dots, the particles can be localized in either of the
two dots, which form the two states of a qubit. The dependence of the emission
spectrum on the inter-dot distance indicates that the electron and hole undergoes
coherent tunneling through the double dot and the Coulomb interaction between the

electron and hole leads to an entangled state.

In addition to electrons and holes, Kane [20] proposed a model of a quantum
computer based on an array of phosphorous donors embedded in a silicon lattice. His
proposal is often believed to combine the advantages of a NMR-based system and
a quantum dots-based system. In this proposal, a single qubit is the spin state of
the donor nucleus with an extremely long coherence time. Single qubit operation is
achieved with a time-dependent magnetic field. Double qubit operation is facilitated
by the presence of more itinerant electron spins. Electrostatic gates (as in quantum
dots) are used to shape the electrostatic environment of the nuclear and electron
spins. By modifying the electrostatic potential, electrons may either tunnel between

two donor sites or not.

In addition to the proposals above, in which a qubit is directly related to a particle,
there exists proposals to encode quantum information in collective quantum states

of a many-body system in a semiconductor. In general, a coded qubit, based on the

7



many-body wavefunction, is a much more complex entity than a spin-1/2 particle.
However, coded qubits also have desirable features. For instance, a technological
challenge with the implementation of an electron spin-based qubit in a quantum dot
is the difficulty of generating a highly localized oscillating magnetic field to perform
ESR on individual spins. Several proposals [21, 22, 23] have been put forward to
overcome this problem. In one approach [21], a micro-magnet is fabricated to generate
a magnetic field gradient. An electron spin is then moved by an oscillating electric
field. As the electron moves, it experiences different magnitudes of magnetic field. In
the moving reference frame of the electron, it effectively sees an oscillating magnetic
field. Since the electric field can be applied with high precision, individual spins can
be electrically rotated. This solution involves no significant changes in the theoretical
modelling of qubits in quantum dots. In other approaches [24, 25, 26] a coded qubit
is constructed out of electrons in a double dot or a triple dot. For instance, Levy [24]
proposed to define the qubit as the linear superposition of states |112) and [|17T9),
where the subscript indicates the dot number, in a double dot. A magnetic field
gradient exist in the device. So the two states have different Zeeman energies, which
allows the possibility of adding phases between the two states without changing the
polarization of the spins. In other words, this is the o, operation. Since the two
spins also interact with each other via an exchange interaction, this leads to the
o, operation. Another proposed coded qubit by DiVincenzo et al. [25] involves
three spins in three sites. DiVincenzo et. al. showed that such a coded qubit can
be manipulated entirely by pulsing exchange interactions. There is no need for a

magnetic field gradient. In 2005, the theoretical model of a three-spin coded qubit



was shown to map well onto the lowest two states of a half-filled triple quantum dot
by Hawrylak and Korkusinski [27]. This finding by Hawrylak and Korkusinski has
further motivated studies of the coded qubit in a triple quantum dot, and parts of

this effort are summarized in Chapter [2] and Chapter [3] of this thesis.

1.2 Quantum Dots

In this section, we describe qualitatively the electronic properties of quantum dots,
which are used to implement the electron spin-based qubits, valence hole spinor qubits
(chapter [7]), the three-electron coded qubits (chapter [3]), and other quantum circuits
(chapters [4, 5, 6]). In this thesis, we consider both the lateral gated quantum dots and
self-assembled quantum dots fabricated at the Institute for Microstructural Sciences
(IMS) of the National Research Council (NRC) in Ottawa, Canada. Almost all the
theoretical works I have done over the course of my ph.D. study were motivated by
the relevant experimental works by Sachrajda and co-workers in the quantum physics
group at IMS. I think an introduction to these devices will help readers to appreciate
the way we have chosen to model these quantum dots in the later chapters, as well
as to provide a better perspective of how they may be used as quantum circuits.

Quantum dots [28, 29, 30, 31, 32, 33, 34] are artificial nanostructures capable
of confining electrons in all three dimensions. This strong confinement in all direc-
tions leads to the formation of a discrete energy spectrum in the dots. Furthermore,
quantum dots with circular symmetry, such as the vertical gated quantum dots with
parabolic confining potentials, also exhibit well-defined shell structures [34, 35] in

the energy spectrum analogous to atomic electronic shells. Indeed, by studying the



electronic properties of these highly symmetrical circular quantum dots as a function
of the number of electrons, a periodic table of artificial atoms can be produced and a

generalized Hund’s rule[36] can be attained.

Besides many similarities between atoms and quantum dots, significant differences
exist. One difference is that quantum dots are large objects when compared to atoms.
For instance, a consequence of this size difference is that to reach a single magnetic
flux quantum, hc/e = BA where h is the Planck’s constant, ¢ is the speed of light,
e is the unit for electron charge, and A is the cross section area, a typical atom
would require a magnetic field B on the order of 10° T; whereas the flux quanta can
be attained with a field on the order of 1T in a typical quantum dots of diameter
~ 100nm. Again, due to the size difference, the relevant energy scale is meV in
quantum dots as opposed to €V in atoms. The small energy spacing between levels
requires experiments with quantum dots to be done at low temperature. For the
lateral gated quantum dots [32], the electrostatically defined potential is shallow and
cannot confine electrons when the temperature is above the 1 K range. Lastly, the
electrons in a semiconductor like GaAs tend to have a smaller effective mass, m}
(around 0.067 m,. in GaAs with electron rest mass m.) and also experience a smaller
g-factor (for instance, g = —0.44 in GaAs). The change in orbital energy (diamagnetic
shift) in response to an applied field B is measured by the cyclotron energy heB/m/}.
The ratio of diamagnetic shift for orbital energies to the Zeeman splitting, |gupB|
for spin in GaAs is around 75 times larger than for atoms in vacuum because of both
the lighter effective mass and smaller g-factor. These findings suggest that certain

experiments (mostly those involving large magnetic fields) not realistic to carry out
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Figure 1.1: (a) Material composition of GaAs/AlGaAs heterojunction with 2DEG.
(b) Conduction band profile along the growth direction. The mismatch of band across
the heterojunction results in the formation of 2DEG. (c¢) Steps to depositing metallic
gate pattern on top of the heterostructure. First, e-beam is used to etch gate pattern
in a resist layer. Then the etched resist layer is locally removed. Evaporating metal.
Finally, lift off the resist layer. (d) One of the first design of a gated quantum dot
by IMS, NRC. (Panels (a), (b), and (d) are adapted from Ref. [37] and Fig.(c) is
adapted from Ref. [38]

in atomic systems can actually be done in quantum dots.

1.2.1 Fabrication of Lateral Gated Quantum Dots

Fabrication procedures for lateral gated quantum dots can be divided into two
main stages. In the first stage, molecular beam epitaxy (MBE) is used to grow a
semiconductor heterostructure composed of GaAs and AlGaAs. This stage is the
same for all kinds of lateral gated quantum dots (be it single, double, or triple dots).

In the second stage, electron-beam (e-beam) lithography is used to define a metallic

11



gate pattern on top of the semiconductors. The gate pattern deposited onto the
semiconductor is what determines whether the device can operate as a single quantum
dot, a double quantum dot, or a triple quantum dot.

Fig.[1.1a] presents typical layers of GaAs and AlGaAs grown by MBE. First, a
layer of GaAs ( 1-3 pum) is grown on the substrate. On top of this layer of GaAs, an
undoped AlGaAs (spacer layer) is grown to form the heterostructure. Next, a layer
of n-doped AlGaAs (usually doped with Si) is grown. Finally, another layer of GaAs
is grown. The spacer layer is needed to shield the 2 dimensional electron gas (2DEG)
from the effects of dopants. The last layer of GaAs separates the metallic gates from
the dopant layer. Fig.[1.1b] shows the conduction band edge of the heterostructure
along the growth direction. As we move from the GaAs towards the junction of Al-
GaAs along the growth direction, a triangular quantum well is developed. Conduction
electrons from the n-doped layer will move to the junction and become trapped here
to form a 2DEG, about 100 nm below the top surface. Fig.[1.1c] summarizes the
process of depositing metallic gates with e-beam lithography. Fig.[1.1d] shows one of
the earliest gate designs used to create a single quantum dot at IMS. The negative
voltage applied on these gates is translated to an electrostatic potential that locally
depletes the 2DEG and confines a few electrons around the local minimum of this

potential.

1.2.2 Spectroscopic Tools for Lateral Gated Quantum Dots

Tunneling spectroscopy [39, 33, 40] and charge sensing [41, 42, 43, 44] are probably

the most important experimental techniques available for characterizing lateral gated
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Figure 1.2: (a), (b) both show schematics of electrochemical potential of a quantum
dot at low bias, thus the electrochemical potential involves only the ground states of
different subspaces with fixed number of electrons. In (a), no levels fit in the transport
window set by the chemical potential of the leads, ugs and pup. Thus, the quantum
dot is charged with N — 1 electrons. In (b), there is a level in the transport window,
so current flows and the number of electrons oscillates between N — 1 and N in the
quantum dot. The amplitude of the current depends on the tunnel coupling I's and
['p. In (c), the current through the quantum dot is plotted as a function of the gate
potential Vi, which control the potential depth of the dot. In the figure, the Coulomb
blockade peak is a region where there exists a significant amount of current and it
only happens when a chemical potential level is found within the transport window.
The addition energy, F,qq, is the energy spacing between Coulomb blockade peaks.
Figures are adapted from Ref. [32]

quantum dots. These spectroscopic tools are used to extract information such as
the charge and spin configurations of the dots, the single-particle energy spacing, the
strength of Coulomb repulsion in a dot, and the strength of tunnel coupling between

two adjacent dots.

When the quantum dot is weakly coupled to the source and drain leads at low
temperature (but still higher than the Kondo temperature) and at low source-drain

bias V4, only one electron can be transported at a time through the device because
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of Coulomb blockade, which is explained in Fig.[1.2a] and Fig.[1.2b]. For a single
dot, the energy spacing between Coulomb blockade peaks in the I — V,,; diagram
(as shown in Fig.[1.2¢]) is the addition energy, Euu(N) = (N + 1) — p(N) where
1(N) is the electrochemical potential for a dot with N electrons. From the addition
energy, one can extract useful parameters such as the strength of Coulomb repulsion
and the single-particle energy spacing in the quantum dots. When the quantum dot
is connected to the spin polarized (for instance, spin down) leads in the presence
of a magnetic field, an additional feature called the spin blockade [40] emerges in
the transport spectroscopy. The spin blockade reduces the Coulomb blockade peak
amplitude if the difference between the N and N+1 electron ground state is a spin up
electron. Thus, the spin blockade allows for the probing of the spin properties with
transport spectroscopy. Charge sensing [44, 45] provides an alternative spectroscopic
tool, that is very useful when the tunnel coupling is so weak that no current can be
measured in transport spectroscopy. The quantum point contact (QPC), defined by
additional gates on the top surface, is a narrow channel nearby the quantum dot in
the 2DEG. The conductance, Ggpc, of the QPC depends sensitively on the charge
configurations of the nearby quantum dot. In other words, the conductance increases
if an electron is removed from the dot or is moved from a nearer dot to a further dot,
and the conductance dips when an electron is added onto the dot or is moved from
a further dot to a nearer dot. However, it is often desirable to read the information

obtained from the charge sensing technique by looking at the differential conductance,

dGgopc
dVa

, where Vi is the voltage on the gate controlling the potential depth of the dot.

Fig.[1.3] shows a typical result of the charge sensing, which agrees well with results
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Figure 1.3: In (a), the figure shows how to pick an appropriate working condition
of the QPC. This figure gives the conductance Ggpc versus gate potential used to
define the QPC. In this case, the QPC gate is fined tuned such that Ggpc has the
value marked by the cross. At this point, Ggpc has a steep slope and will be very
sensitive to the surrounding charge environment. Upper and lower pannel of show
measurement results obtained from direct transport measurement and charge sensing
respectively. Figures are adapted from Ref. [32]

obtained from the direct transport measurement of a single quantum dot.

For multi-dot devices, information on physical properties of coupled quantum dots
is usually obtained from the stability diagram, which plots the differential conduc-
tance, dVgpc/dV;, as a function of voltages on gates, which controls the potential
depth of quantum dots. Similar to single dots, the spin blockade is useful for probing
spin-related properties. In a multi-dot device, an electron might be trapped in the
device due to the Pauli exclusion principle. Fig.[1.4] explains the spin blockade inside
a triple quantum dot. This figure describes a semi-classical situation, which holds
if the inter-dot tunnel coupling is weak. The spin blockade phenomenon in double
quantum dots has already been demonstrated to be a valuable spectroscopic tool
[41, 46] to distinguish two-electron singlet and triplet states as well as a valuable tool
to achieve nuclear spin polarization [47, 48, 49] in the host material. Chapter [6] will

further discuss the Spin Blockade phenomenon in a linear triple quantum dot device.

Fig.[1.5a] shows a very recent gate design which is used to obtain slices of the
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Figure 1.4: A semi-classical description of sequential tunneling of an electron through
a linear triple quantum dot in the presence of two spin-up electrons trapped in the
edge dots. The black bars in the quantum dots denote the electrochemical potentials
of individual dots. An additional spin-up electron has to move along the blue-coloured
path of the electrochemical potentials. In the edge dots, the blue bars are separated
from the black bars by energy U + A, where U is the charging energy of a dot and
A,y corresponds to the energy spacing between single particle states in a dot. An
additional spin-down electron moves across the triple dots along the red-coloured path
of electrochemical potentials. In the edge dots, the red bars are only separated from
the black bars by the charging energy U. This is because an incoming spin-down
electron can occupy the same orbital as the trapped spin-up electron in the edge dot
without violating the Pauli exclusion principle. As seen, this triple quantum dot is
electrically tuned such that only the red electrochemical potentials in individual dots
align perfectly for the sequential transport.

16



stability diagram of a triple quantum dot in a recent experiment by Granger and co-
workers [50] at IMS. Fig.[1.5b] shows the stability diagram of the device as a function
of R and L gates at V;; = 0. In the figure, the numbers (N, No, N3) denote the
dominant charge configuration with /V; electron in dot ¢ when the system is biased with
voltage R and L. Fig.[1.5¢c] shows a similar stability diagram as a function of R and L
at some finite V4. In the case of finite bias, 4 charge configurations (1,0,1), (2,0, 1),
(1,0,2) and (1,1, 1) coexist close to each other in the circled region. Fig.[1.5d] shows
a direct DC transport measurement, where the dark region represents a finite current,
on the triple quantum dot. Corresponding to the ”quadruple point” where the four
charge configurations intersect, finite current is detected. In the white circled region
in Fig.[1.5¢|, another set of 4 configurations, (2,0,2),(1,0,2), (2,0,1), and (1,1,1),
come close together. This additional quadruple point in the stability diagram is also
found in the direct DC transport measurement in Fig.[1.5d] and is the dark blob
labelled number 2. For a triple quantum dot, resonant tunneling through the device
only can take place at these specific quadruple points. The capability to identify
these points with a triple dot device is the minimum requirement necessary to prove
the tunability of the device. Different from double dots, where the stability diagram
is a function of two gates (because of only two dots), the stability diagram of a triple
quantum dot is a three-dimensional entity. Thus, it is in general more cumbersome
to explore the parameter space of gate voltages to attain these quadruple points in

triple dots.
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Figure 1.5: (a) The triple quantum dot studied in a recent experiment [50] at IMS,
NRC. (b) The stability diagram of the triple quantum dot in absence of any source-
drain bias. (c¢) The stability diagram of the triple dot in the presence of a finite
source-drain bias. (d) DC current measurement of the triple quantum dots near the
quadruple point: (1,0,1), (2,0,1), (1,1,1), and (1,0,2) present in the stability diagram
in panel (b) and (c). These figures are adapted from Ref. [50].
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1.2.3 Fabrication of Self-Assembled Quantum Dots

A major difference between the self-assembled dots (SADs) and the lateral gated
dots is that the self-assembled dots can confine both electrons and valence holes. The
SADs [51] are also fabricated with very different procedures, and they are used for
generating on-demand entangled photons for applications in quantum cryptography.

In chapter [7], we will discuss aspects of a valence hole spin based qubit in SADs.

The fabrication begins with epitaxially growing one material on another material
with a slightly different lattice constant (the deviation is best kept between 1-10
percent). With a small lattice mismatch, the two materials can form a good junction
although highly strained. As the growth of additional material continues, the strain
intensity increases until a critical point where the planar growth of the additional
material stops. If materials are still being deposited after the critical point, the
additional material will start forming small islands on top of the wetting layer. This
transition from growing a layer to growing islands on the wetting layer in epitaxy is

called a ”Stranski-Krastanow” phase transition.

The small islands function as quantum dots when the substrate material has
a larger band gap than the deposited material. The problem with this standard
approach of fabricating self-assembled dots is that the dots are formed with random
locations, radii, and heights. This fact has led to an inhomogeneous broadening of
measurements on an ensemble of SADs. Over the years, several techniques have
been discovered to improve the fabrication of SADs at IMS. For instance, fabrication
procedures involving an ”indium flush” that led to the creation of SADs with uniform

heights were developed.
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Figure 1.6: (a) Schematics of the diffusion process to form the pyramid on the ridge.
(b) Scanning electron microscopy image of a single quantum dot on top of the pyramid.
Figures adapted from Ref. [52]
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To gain control over the positions of dot growth, Williams and co-workers at IMS
developed a nano-template technique [52, 51] to address the issue. First, a mask with
small rectangular openings of width W (several hundred nanometers) is deposited on
top of the substrate. Further deposition of substrate material will adsorb materials
only in the pre-defined locations, those openings in the mask, leading to the formation
of a pyramid-like structure in these openings as shown in Fig.[1.6a]. The deposition
of substrate material stops when the width, T, at the top of the pyramid reaches the
critical size and allows only one or two SADs to be formed in this small area. Now,
deposition of quantum dot material starts. The small island (SAD) will form once
the Stranski-Krastanow phase transition is reached. Fig.[1.6b] shows a SAD at the
tip of the pyramid. SADs grown on a nano-template tend to have a rectangular base.
Thus, these quantum dots are usually modelled with rectangular boxes as opposed to
disks in most other cases. Metallic gates can be placed on the sides of the pyramid

to independently tune each quantum dot.

1.2.4 Photoluminescence Spectroscopy for Self-Assembled Quan-

tum Dots

The primary experimental technique to probe the electronic properties of SADs is
to excite the system with a laser field to create excitons, then wait for the electron-
hole pairs to recombine by emitting photons to lower the overall energy of the system.
The spectroscopy based on these emitted photons is called photoluminescence (PL)
spectroscopy.

The emission of these photons by radiative relaxation can be predicted by the
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Fermi’s Golden rule,
2T .
E(w,in) = 5 S [ {(fnv-al P lin) 1?0 (Epy_, — Eiy + hw) (1.2)
f

where P~ is the exciton annihilation operator, |iy) is an N-exciton many-body state,
and |fy_1) is an (N-1)-exciton many-body state of the SAD. The energy of the emitted

photon is Aw.

The energy position of the peaks in PL spectroscopy reveals the energy separation
between N-exciton and N-1-exciton many-body states. The amplitude of the PL
peak is given by the | (fy_1] P~ |in)|? term. Similar to an atomic system, selection
rules exist to prohibit certain transitions. Thus, the height of PL peaks provide

supplementary information on the symmetries of wave functions of the system.

1.3 Quantum Algorithm with Electron Spin-Based

Qubits

Quantum teleportation is one of the simplest yet highly non-classical quantum
algorithms proposed by Bennett et. al. [53]. Through the example of quantum
teleportation with three particles, we illustrate how a quantum circuit is built with
elementary constituents, qubits, and basic operations such as single qubit operations
and double qubit operations. In this example, we will consider electron spin-based
qubits in quantum dots as the physical realization of the quantum circuit. This also

serves as a motivation for further investigations of a triple quantum dot molecule.
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1.3.1 Single Qubit Operations

Preceding to the presentation of quantum teleportation algorithm, we would like
to first discuss the relevant elementary operations. In this section, we first discuss
how to rotate an electron spin in a quantum dot and perform single qubit operations.

For an electron spin-based qubit, any single qubit operation can be written down
in the general form e’ R, (#) where ¢ represents an overall phase factor and Ry(6) is

defined as,

Ru(6) = exp (-% /0 dt gup B(t)n - s) | (13)

where 6 is the accumulated phase in the time integral,and n is the direction vector
for the field B(¢). Eq.(1.3) describes the unitary evolution of a spin in the presence
of a magnetic field.

For instance, the Hadamard gate, a common single qubit operation used in various

quantum algorithms, has the following matrix representation (with respect to the
basis {[1), [1)}),

H= ] (1.4)

When expressed in the general form, it reads '3 Ry () with n = (1/v/2,0,1/v/2).
We next show how to generate Ry(6) through electron spin resonance (ESR) with
a time-dependent magnetic field. For simplicity, we consider the following idealized

model for an electron spin in a quantum dot,

ih% = gup (BoS, + B1S; cos(wt + ¢)) |¥) , (1.5)

where ¢ is the g-factor and pp is the Bohr magneton.
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Going into a rotating frame with coordinates {2/, vy, 2’} at frequency w by applying
the transformations |¢)) = e ™% [¢)) and S = e™!9:S/e~:  the time dependent

Schrodinger equation for the spin reads

(o iy, IEBL (5 con() + S sin(a))| 10). (16)

If the applied frequency w is identical to the Larmor frequency gup,/h, then the
electron spin sees a time-independent effective field Bgpgr = (B1 cos(¢), By sin(¢), 0).
Thus, with a proper phase ¢ of the time-dependent field, we can generate rotation of
the electron spin in the rotating frame with respect to either the x’ or y' axis. Since
rotation around an axis along direction n can be decomposed into three consecutive
rotations around z’ and ¢’ via the Euler angle construction, this analysis shows that
one can generate any arbitrary single qubit rotation by addressing the electron spin

with a time-dependent magnetic field.

1.3.2 Double Qubit Operations

Next, we consider double qubit operations in a double quantum dot with one

electron spin in each dot. In this case, it is well-known that the two spins interact via

4t2
U-Vv

the Heisenberg exchange interaction JS; - Sy, where the exchange constant J =
depends on microscopic details such as ¢ the tunnel coupling across the dots, U the
strength of Coulomb repulsion between two electrons in the same dot, and V' the
strength of Coulomb repulsion between two electrons in different dots. Since the
tunnel barrier between two dots can be electrically tuned by the voltages applied to
the gates, J is a controllable parameter.

The Heisenberg model commutes with the total spin operator for the two spins;
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thus, the eigenstates are the triply-degenerate triplets and the singlet with energy
hw” and hw® respectively. The energy gap is hw” — hw® = J. For simplicity, we
will focus on the S, = 0 subspace with states |T°) = \% (IT1d2) + [41T2)) and |S) =

75 (ITd2) = Hat2)).

If we begin with a state [12(0)) = |T1d2) = == (|]T°) +|5)), then the state at a

1
V2
- Jt
—idt

later time ¢ is proportional to |¢s(t)) = - (e |T°) + |S)> . At t* = hr/J, the

V2
state [i9(t*)) is proportional to |]1T2) where the spin up and spin down electrons

have swapped place.

To summarize, the time evolution of a pair of spins under the Heisenberg Hamil-

tonian is given by

0(6) = exp <—%Jtsl . sz> | (1.7)

where 6 is the accumulated dynamical phase under the unitary evolution. When
t = t* and 0 = 7w, we denote the unitary operator U (m) = Usw, which swaps a pair of
spins localized on different dots. We denote U (m/2) = U é{;, the square root of swap.
The unitary operator U ;{,[2, entangles the pair of spin qubits. Furthermore, by using
the square root of swap together with a sequence of single qubit operations can lead
to other useful double qubit operations such as the controlled-NOT (CNOT) gate and

the controlled-phase gate.

The matrix representation of the controlled-phase gate (expressed in the basis of
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{Iit2)  [Tda) s Hat2) s [dade) } is given by

1 00 O
010 O
Ucphase = . (1 8)
001 O
000 —1

This operation can be performed by a sequence of gate operations
Usphase = €™ Ry(m /2) B2, (w/2) Uiy By (m) Uy (L9)

where }?’Z denotes that the spin is rotated with respect to the 2z axis, and the su-

perscript ¢ = 1,2 denotes either the qubit on the first dot (i=1), or the second dot

Next, we discuss the operations needed to generate the controlled-NOT gate,

which has the following matrix representation (in the same basis as above),

Ucenor = , (1.10)

and the controlled-NOT operator can be generated by

UCNOT - eiﬂ—f{2R;(7r)Ucphaseﬁ2y (]_].1)

where H? is the Hadamard operation on the spin in dot 2.
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Figure 1.7: Quantum circuit diagram for teleportation. At the left side of the cir-
cuit diagram, a linear triple quantum dot schematics shows where each electron spin
(qubit) locates in the circuit diagram. As shown, the teleportation protocol only in-
volves single qubit operations (Hadamard gate, X gate and Z gate), and one specific
double qubit operation (CNOT).

1.3.3 Quantum Teleportation in a Linear Triple Quantum

Dot

Fig.[1.7] shows a diagram of one of the possible quantum circuits for teleportation.
A linear triple quantum dot with one electron each, shown at the left end of the figure,
can be used as a physical realization of this quantum circuit.

A quantum circuit diagram, such as Fig.[1.7], should be read from left to right. In
the quantum circuit for teleportation, we have three parallel lines, each corresponding
to a qubit. In this diagram, several commonly used quantum gates are presented. The
box with the capital letter “H” denotes the Hadamard gate. The box with the letters,
“X” and “Z”, represent single qubit rotation, e™/2R, (r) and e™/2R, () respectively.
The circuit element, which spans across two qubits, represents the CNOT gate. The
meter-like objects represent measurements of qubit (or spin orientation) on qubit 1
and 2 with output M; and M respectively. The double lines coming out of the

measurement represent classical transmissions of measurement results.
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At the beginning of the quantum circuit, the three qubits are initialized with the

following state,

[vo) = (alt) +b[1)) [T2) [T3) (1.12)

where the leftmost (qubit 1) state represents the topmost qubit in the circuit diagram,
the middle state (qubit 2) represents the middle qubit in the circuit diagram, and
the rightmost state (qubit 3) represents the bottom qubit. Coefficient a and b are
arbitrary complex numbers satisfying the relation |a|? + |b|*> = 1. Thus, at the initial
stage, the qubit 1 is in a superposition of states and qubits 2 and 3 are in the state
).

First, a Hadamard operation is applied to qubit 2, and the system evolves to a

new quantum state

1
1) = 72 (alt1) +0[41)) ([T2) + [2)) [13)
S ((a[t) +01)) [T213) + (a[T1) + 0 [1)) [{2T3)) - (1.13)

&I

2

After that, a CNOT operation is applied on qubits 2 (control qubit) and 3 (target
qubit). Thus, qubit 3 undergoes spin flip when qubit 2 is in the state |}). The

quantum state, at this stage, reads:

[2) = ((@[T1) +b[a)) [Tos) + (a[th) +0[41)) Hals))

Sl

2
= = (@) (1) + Hate)) bl (1a1) + Hat))), (1.14)

5

where we see that the qubits 2 and 3 form an EPR pair.

Another CNOT operation is applied to qubit 1 (control qubit) and 2 (target qubit),
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so the quantum state of the system now reads

1

NG (alto) (IT2T3) + Nada)) +01d1) (HaT3) + [T243))) - (1.15)

[¥3)

Similarly, a Hadamard gate is applied to qubit 1 and the system now has the following

state

(a(IT1) + 1)) (IT213) + Hads)) + (1) — 1)) (HaTs) +[1243))),
[[1172) (a[T3) +bls)) + [T1d2) (0|13) +als))
[ite) (alts) —bds)) + [dada) (0]T3) —alls))], (1.16)

|?/14> =

4+ NI=Noe

For any projective measurement performed on qubit 1 and 2, we will get one of
the four possible combinations for M) = 0 (for spin up ) or 1 (for spin down). As
shown in the figure, after learning the result of projective measurements on qubits
1 and 2 via classical communication channel, we apply the operator Z™ and XM?
on qubit 3 accordingly. For instance, if M; = 0 , we do not apply the operator Z,
and if M, = 1, we apply the operator X. At the end of the quantum teleportation
protocol, the quantum state, a|1) + b)), originally initialized with the qubit 1 has
been successfully transferred to qubit 3.

This is a remarkable result of quantum information. We transfer the quantum
state without necessarily knowing the exact values of a and b. The Quantum tele-
portation protocol can be incorporated into a larger quantum circuit to transmit
information between various parts of the circuit. To realize quantum teleportation,

we need to construct a triple quantum dot with one electron each.
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Chapter 2

Electronic and Spin Properties of a

Triple Quantum Dot

In this chapter, we analyze the electronic and spin properties of a triple quantum
dot. We first present a detailed description of the set of theoretical tools that we
use to study quantum dots. Next, we present these properties of a triple quantum
dot as a function of the number of electrons, topology (triangular versus linear), and
bias voltage applied to one of the dots. At the end, we discuss the Aharonov-Bohm
effect in a triangular triple quantum dot. The results presented in this chapter lay

the foundation for discussions in the remaining chapters.

2.1 Models

In this section, we discuss a systematic approach to studying the electronic proper-

ties of a nano-structure. We begin with the effective mass model of electrons confined
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in a gated lateral triple quantum dot. We solve the highly correlated electronic sys-
tem with the LCHO-CI (Linear Combination of Harmonic Orbitals - Configuration
Interaction) formalism. Next we present the Hubbard model for a simpler description
of a triple quantum dot in the few-electron regime, and discuss briefly how the Hub-
bard parameters may be derived from the LCHO-CI calculations. Finally, we discuss
the effective Heisenberg and t-J models for the low-energy states when the system is

either half-filled or close to being half-filled.

2.1.1 Linear Combination of Harmonic Orbitals - Configura-

tion Interactions

We now consider electrons confined in the electrostatic potential of a triple quan-
tum dot and subject to a magnetic field B. However, for the present section, we focus
on the electronic orbital degrees of freedom and ignore the Zeeman term in the Hamil-
tonian, because we do not consider the spin-orbit couplings. Fig.[2.1a] illustrates a
theoretical model of a triple quantum dot. In the figure, the green gates are used
to adjust the depth of the nearby quantum dot (white circle in the figure) potential
minimum, while the blue gates are used to shape the potential barrier between a pair
of neighbouring dots without significant modifications to the depths of the quantum
dots. In this chapter, we express all the energies in units of the effective Rydberg,
Ry* = m}e*/2¢2h?, and lengths in the effective Bohr radius, ap = €h?/m}e?, where

m? is the conduction electron effective mass and € is the dielectric constant of the
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Figure 2.1: (Color online) (a) Schematic of a lateral gated TQD. The grey rectangular
gate contains three circular openings, which translate into minima of the electrostatic
potential at the level of the two-dimensional electron gas. The green gates can be
used to shift the potential minima of the dots underneath them with respect to the
rest of the system. The blue gate (plunger gate) is used to tune the tunneling barrier
between dots 1 and 3. (b) A simple representation of a triangular TQD device.
Hubbard parameters are defined in the text. (c) A simple representation of a linear
TQD device, where there is no direct tunnel coupling between the two edge dots. (d)
The local coordinates (Z;, ;) for the plunger gate potential. The grey-shaded region
is where the plunger gate potential is expected to be.
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material. Thus, the effective mass model for a single electron in a TQD then reads,
) Q0 2 3 3
H,, = (—N + éA(r)) + Zl Vi (r)+ Zl Vg (r), (2.1)
where A(r) is the vector potential due to B, Q. = hw./Ry*, w. = eB/m’c, Vi(r) is
the confinement potential of dot i, and Vp,;(r) is one of the potential barriers between
a pair of dots.

In this thesis, we always define the quantization axis of the spin along the direction
of the field. If B is applied perpendicular to the 2DEG, then we choose the symmetric
gauge A = (1/ 2)3 x 7. However, if B is applied in-plane, then the Landau gauge
is chosen for simplification. In this chapter, we apply B = BZ perpendicular to the
2DEG. The in-plane spatial coordinate r = (x,y) is defined.

We take a quantum dot’s confining potential, V;(r), to be an inverted Gaussian

function centered on the position r; = (z;, ;) of dot 1,

2
Vi(r) = =V exp [— (r d,“)

02 _r\2
=—Vi°+i](r rz) + 48V,

4 d;

= V19 16V, (2.2)

where V2 > 0, and the Gaussian potential can be separated into a harmonic con-
tribution, V!¢ and anharmonic correction, 6V;. The harmonic part is characterized
by the confinement frequency €2, = \/5%0 /d;. The anharmonic correction is im-
portant because the electron is not tightly confined to a single dot but may tunnel
between dots. Under such conditions, the harmonic approximation might not yield

satisfactory results in the electronic calculations.
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As for the potential barrier between dots, we model them by anisotropic Gaussians,

72 72
Vpi(r) = V3, exp (——j — —]) ; (2.3)
D, " D3

where Vg, > 0, and the local coordinates {Z ;,7,;} and the global coordinates {z,y}

are related by

z; = (r — xpj)cosn; + (y — yg;) sinn;,

g; = — (v — xp;)sinn; + (y — ypj) cosn;, (2.4)

where (zp;,yp;) gives the position coordinates of the center of the potential by the
plunger gate, and 7; denotes the orientation of the local coordinate axes with respect
to the global axes as depicted in Fig.[2.1d].

In the LCHO formalism, we solve the single particle Hamiltonian, Eq.(2.1), by
building the Hamiltonian matrix in the basis of localized Fock-Darwin (FD) orbitals,
which reduces to the harmonic oscillator orbitals in the limit of zero field, then per-
forming the exact diagonalization of the matrix. The details of the Hamiltonian ma-
trix element evaluations are provided in Appendix [A]. The eigenstates (also called

molecular states) are expressed as ¢ (r) =Y. a] . dinm(r), where ¢ indexes quan-

tum dots in the network, n and m are quantum numbers to specify the FD orbitals.
This approach is analogous to the Linear Combination of Atomic Orbitals (LCAO)
method in solid state physics. The FD orbitals, ¢, (r), on dot ¢ with quantum

number n and m are given by

Ginm(r) = exp (—i%(—yiﬂﬂ + -ﬂﬁzy)) anm(r — 1), (2.5)

where gzznm(r —r;) are eigenstates of an auxiliary problem defined with respect to dot
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([—iv + %Az(r)] 4 ViHO> Grm (T — T3) = €inmGpm (r — 1), (2.6)

where the parabolic potential V¢ on dot i is defined in Eq.(2.2). The gauge trans-
formation exp(—i(€2./4)(—y;x + x;y)) in Eq.(2.5) is used to relate the wave function
Grm (1) defined with localized gauge A,(r) = (1/2)B x (r —r;) in Eq.(2.6) and the
wave function ¢y, (r) defined with the global gauge A(r) = (1/2)B x r in Eq.(2.1).

The eigenenergy in Eq.(2.6) is given by

: 1 1
€inm = — Vo + Qi (n + 5) +Q_(m+ =), (2.7)

2
where Q;+ = /Q7, +Q2/4+ Q. /2.

With respect to the set of FD orbitals {¢;,m(r)}, we construct a matrix represen-

tation of Eq.(2.1),

H,,a” =¢,Sa’, (2.8)

where Sy inim = (Pinm|@irnsms) is the overlap matrix for non-orthogonal FD orbitals
on different dots. The generalized eigenvalue problem, Eq.(2.8), can be converted

to a regular eigenvalue problem, H;pr = ¢,b? by the following transformation,

!

sp

H, = S™'/?H,,S7Y2 and b’ = S!'2¢”. This matrix transformation essentially
performs an orthogonalization on the FD orbitals.

The dimension of the matrix Hy, is N,4 = 3ng, where ng is the number of FD
orbitals taken from each dot. In order to properly retain the symmetries of the system,
it is essential to take complete shells of FD orbitals on each dot for the calculation.

As described in Chapter [1], a quantum dot is an artificial atom with discrete energy

levels, which are often grouped into shells due to the symmetry of the confining
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Figure 2.2: Single particle energy spectra of a triangular triple quantum dot as a func-
tion of complete shells of FD orbitals included in the basis for exact diagonalization.

potential. In particular, for our case of FD orbitals, a shell consists of states with the
same value of n+m, where n and m are the quantum numbers in ¢;,,,(r). The lowest
shell is called the S-shell, which contains the three lowest orbitals: ¢109(r), ¢200(r),
and ¢300(r) with n +m = 0. The next shell is the P-shell, which contains 6 orbitals
from three dots with n +m = 1. The names of shells are borrowed from the familiar

notations of s, p, d, f shells in atomic physics.

Fig.[2.2] presents the single particle energy spectra of a triangular triple quantum
dot as a function of the number of shells included in the calculation. Since exact
diagonalization of a Hamiltonian with a finite basis is equivalent to a variational

approach of solving the Schrodinger equation, the calculated energy levels tend to
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Figure 2.3: Each column gives the probability density of the lowest three single
particle molecular states v, (r) obtained from LCHO calculations with different shells
of FD orbitals. The bottom row is the ground state, and the upper rows are the
doubly degenerate excited states.

move towards lower values as the basis size increases. As the basis size enlarges, a
clear pattern of shells for molecular states emerges for a triple quantum dot. With
only the S-shell included in the LCHO formalism, we may only calculate the three
lowest states as shown at the leftmost column in Fig.[2.2]. However, the lowest-shell
approximation still yields the correct degeneracy of the levels. Next, Fig.[2.3] shows
the probability density of the three lowest molecular states obtained from LCHO
calculations with different number of shells. Again, the wavefunctions obtained from
the S-shell approximation are similar to the ones obtained with larger basis size. The
qualitative trend is that these wavefunctions tend to delocalize more as the number

of shells in the LCHO basis increases.
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We next consider the multi-electron, N, > 1, problem. In the second quantized
form, the many-body Hamiltonian reads,

HNe = Ze’ﬁy Vi, O 717 + Z Z 717]|VC|,YI€7I Vi O :‘;/J d7l7gld7kvg7 (29)

o i,,9,k,l 0,07

where d., , (d!

! ) annihilates (creates) a particle on the spin-orbital (v;, ;). €, is the

energy of molecular orbitals in Eq.(2.8) and 7's denote the molecular orbitals v, (r),

o is the spin index, and the Coulomb matrix elements are defined as follows

. 2
(yivilVelwn) = /dr/drlwii(r)wij(r/)m%k(r)%z(f),
2
— Z (aZ;) (a2?) az?’ja;’fl/dr/dr oy, (r)oy, )|r—r/|¢c3(r)¢c4(r/),

C1,C2,C3,C4
= Y (a2)" (a2) altal (febe|Velbebe), (2.10)
C1,C2,C3,C4

where 1, (r) is the spatial representation of the molecular orbital |v), and ¢, = (4, n, m)
with £ = 1,2, 3,4 is a composite index for the localized FD orbitals. The Coulomb
matrix elements in the FD basis can be computed analytically, and details are pro-
vided in Appendix [A].

We choose to solve the many-body Hamiltonian, Eq.(2.9), by configuration in-
teraction (CI) method, a commonly used method to study electronic properties of
molecules in quantum chemistry. Several other theoretical formalisms, such as Hartree-
Fock, density-functional theory (DFT), and quantum Monte Carlo, have been applied
to study the many-body physics contained in Eq.(2.9). Each method has its own mer-
its and drawbacks. Please see Ref. [54] for further discussions on theoretical methods
for calculating the electronic properties of quantum dots. However, for a system con-

taining just a small number of highly correlated electrons, CI seems to be the ideal
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method to approach the problem. In this formalism, we have to first construct con-
figurations, which are used to represent the Hamiltonian H N, in a matrix form. A

configuration |py,) with N, electrons is specified as follows

o) = |Hot, ibob, ... iR ok ) = dj,fafdjgag . dT‘%m‘&e 0), (2.11)
where a set O e SPp11N-0r 1tals 17071) s \1505 ), ..., \Tn O are occupiled. acll con-
h t of N, spin-orbitals {(i{o?), (i5o? NN, pied. Each

figuration represents a Slater determinant, because of the anticommutation relations
of the fermionic operators: {d! ,d;o:} = 6; ;0,0. With N; + N, = N, electrons and

N,,, molecular orbitals, a total of

Norb! Norb!
Nepg = (2.12)
N (Norpy — Ny)! N (Norpy — N)!
configurations can be built under the premise of the Pauli exclusion principle.

With the basis {|pn,)}, the Schrodinger equation, Eq.(2.9), is represented in the

matrix-vector form |,
Hy,Cy = EXN.Cyr. (2.13)

The exact eigenstate corresponding to M-th eigenenergy E]]‘{ is given by

Nerg

[UN) =D Chilitot ..., 0%,) (2.14)
p=1

where C%, is the p-th component of the vector Cy; in Eq.(2.13).

2.1.2 Hubbard Model

In the strongly correlated regime, where the Coulomb matrix elements (y;y;| Ve |vev)

in Eq.(2.10) contain the dominant energy terms in Eq.(2.9), the electrons are highly
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localized and the Hubbard model provides an intuitive framework to analyze the

electronic and spin properties of such a system.

In the Hubbard model, molecular states are expressed in terms of Hubbard or-
bitals, which have highly localized spatial representation and form an orthogonal
basis. In this section, we discuss the derivation of Hubbard orbitals from the LCHO
formalism, and express them as linear combinations of FD orbitals. For simplification,

we consider the case of having one FD orbital, i.e. the S orbital, in each dot.

In our earlier discussion of the effective mass model, we solved the generalized

eigenvalue problem in Eq.(2.8) by making the transformations H/ = S~1/2H,,S~1/2

!
sp
and b? = S'/2a" to obtain a regular eigenvalue problem H{ b” = ¢,b?. The original

Hamiltonian Hy, was represented in the basis of FD orbitals, and we now show that

the transformed Hamiltonian H, is represented in the basis of Hubbard orbitals.

The molecular orbital |y) derived in the LCHO formalism can be expressed as

) =Y a]loy).
=D (S7), bl1en).
g,k

-S| S 00

J

= bl Ixe) (2.15)

where in the second line we use the relation a” = S™'/?b”, and in the last line we

introduce the Hubbard orbital |xj), defined in the bracket in the third line.
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Figure 2.4: Spatial representation of localized Hubbard orbitals.

We first prove the orthogonality of the Hubbard orbitals,

b = 37 (8772),,. (S772)., (013

3’3

- Z (S_1/2)k’j’ Sj.j (S_I/Z)jw
33

= L, (2.16)

where I is the identity matrix. Next, we show that the Hubbard orbitals |xx) are

highly localized. The inverse of the square root of the overlap matrix reads

2 1 1 1 1 1
Vi-s + Vit2s  1-s + Vit2s  J1-s + V1t2s
1
-1/2 _ - 1 1 2 1 1 1
S 3| " Vi-s + VIt2s  V1-s + Vit2s  JI-s + Vites |’ (2'17)
1 1 1 1 2 1
| VI-s + Vit2s  /1=s + Vit2s  /1-s + V1+2s

where s = (¢;|¢;) is the overlapping matrix element and it is usually a small number.
Thus the off-diagonal matrix elements in Eq.(2.17) are close to zero. This ensures that

each Hubbard orbital, [x;) = >, (S_l/z)jk |¢;), contains mostly just one localized FD

orbital. Fig.[2.4] shows the spatial representation yj(r) localized on each dot.

Once we have obtained the Hubbard orbitals and the single-particle Hubbard

Hamiltonian matrix H’

sp?
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Hamiltonian,

3 3 3
Pl =3 Biiig + 37 S tuthiso + 5 3 Vit
i=1

ij=1 o i,j=1
i#] 1#£]

3
+ Y Usipfry, + Y gupSa - B,
=1 «
=Hy+ Hy + Hy + Hy + Hy, (2.18)

where ¢, (&) annihilates (creates) an electron with spin ¢ on Hubbard orbital i,
pi = Ny + Ny, By is the on-site energy of orbital 4, ¢;; is the tunnel coupling between
orbitals ¢ and j and acquires a Peierl’s phase when field B is applied perpendicular
to the TQD , Vj; is the long range Coulomb interaction between electrons in orbitals
1 and j, U; is the on-site Coulomb interaction of orbital i, g is the g-factor of the
host semiconductor, pp is the Bohr magneton, and S, is the spin for the a-th par-
ticle. Each term on the right hand side (r.h.s.) of the second equality sign in (2.18)
represents the corresponding term on the r.h.s. of the first equality sign. The Hub-
bard Hamiltonian can also be solved by an exact diagonalization approach within the
configuration-interaction method.

The parameters E; and ¢;; are taken from the matrix elements (H;p)”, = (X |I:I splXa)
and (H;P)ij = (Xi]ﬁsp\xj>, respectively. The Coulomb matrix elements are calculated
as follows,

OaxalVebaoa) = S (87Y3) 0 (87Y2), (S7Y2) 0 (S7Y2),0 (Gutul Vel by,

a,a’ ,b,b/

(2.19)
To get U;, we simply set k = k' =1 =" =i in the equation above. To get V;;, we set

k=Fk =iand [ =1 = j. This concludes the derivation of the Hubbard Hamiltonian
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from the effective mass model with one orbital per dot.

Now, we turn to a brief discussion of the derivation of a single-band Hubbard
model from an effective mass model with more than one orbital per dot. We apply
an iterative perturbation theory to separate the high energy states from the low en-
ergy states, which are characterized predominantly by the S orbitals. This procedure
allows us to renormalize the interactions between S orbitals and integrate out other
orbitals, so we may simply use S orbitals in our description of low energy states.
We separate the single particle Hilbert space into two disjoint subspaces: Dy, the
set of S orbitals in each dot, and Dp, the set of all other orbitals. The perturbation
theory is applicable when the energy difference between any two configurations in dif-
ferent subspaces is much larger than the mixing (off-diagonal matrix elements in the
Hamiltonian) between the two subspaces. The goal of the perturbation theory is to
transform the single-particle Hamiltonian matrix into an approximate block-diagonal
form (corresponding to subspaces D4 and D) with off-diagonal block matrix elements
bounded by a desired order of the perturbation. The transformed block matrix cor-
responding to the D4 subspace contains the single-particle Hubbard parameters and
the transformed basis in this subspace is the set of Hubbard orbitals. Further details

of this transformation are summarized in Appendix [B.3].

2.1.3 Effective Models

Although a single-band Hubbard model already provides an intuitive framework
to study a triple quantum dot, an even simpler descriptions can be attained when only

the lowest few states are of interest. We note that a single-band Hubbard Hamiltonian
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is suitable for studying a triple quantum dot filled with up to six electrons. For N, =1,
5, and 6, the Hilbert space is small and the Hubbard Hamiltonian can be diagonalized
easily. The benefit of further perturbative analysis comes in the case of N, = 2, 3,
and 4. When there are either two electrons or two holes (4 electrons) in a triple
quantum dot, a t-J model can be derived from Lowdin perturbation theory and used
to describe the few lowest states. When the triple dot is half filled, i.e. N, = 3, a

Heisenberg model can be derived.

First, let us discuss the two-electron case. The two-hole case is almost iden-
tical; we just have to first apply the particle-hole transformation to the Hubbard
Hamiltonian preceding the analysis. So, for the two-electron case, the Hilbert space
can be separated into a singlet subspace (S = 0,5, = 0) and triplet subspaces
(S = 1,5, = £1,0). We note that each of the triplet subspaces consists of just
three configurations. For instance, the S, = 1 subspace contains |175) = éhé2T |0),
|T13) = éJ{TégT 10), [Ths) = @@T |0). All the states in the triplet subspaces are com-
posed of “singly-occupied” configurations, in which every dot contains at most one
electron spin. The singlet subspace has six configurations: |Sis2), |S13), |S23), |S11),
Sa2), and |S33), where |S;;) = L (éj@h + e}Taji) 0) for i # j, and |Si) = éhél, |0).
The first three states listed for the singlet subspace are also singly occupied config-

urations, while the last three states are doubly occupied configurations, in which at

least one dot contains two electrons.

In order to derive the effective ¢ — J model by Lowdin perturbation theory, we
treat the hopping term Hyin Eq.(2.18) as perturbation and separate the Hilbert space

into two subspaces: D4 of singly occupied configurations and Dg of doubly occupied
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configurations. We again perform a transformation on the Hamiltonian matrix to
obtain an approximate block-diagonal matrix. The effective t-J model describes the
subspace D 4, which is energetically separated from subspace Dg by the order of U, the
Coulomb repulsion in a dot. We remark that the three triplet subspaces contain only
singly-occupied states and the hopping term Hy does not allow mixing between the
triplets states and the doubly occupied configurations; thus, our perturbative analysis
do not affect the triplet subspaces. As for the singlet subspace, the t-J Hamiltonian

reads,
ﬁt—JZﬁo+ﬁU+ﬁv+ﬁT+ﬁz+HJ+ﬁ3> (2.20)

where f[o, FIU, Hy represent the unperturbed (zeroth-order) term, and each term is
defined in Eq.(2.18), Hy represents the first order perturbation and is also defined in
Eq.(2.18), H; and Hj are derived in the second order perturbation calculations and
defined as follows:

N 1

(2

i

= " Jia Y (osotio + Etlotiotis.) (2.22)

iAiAG) o

where
1 1
Ji: = 2ti:]? , 2.23
=2l [Ui—Vz‘jJr(Ez‘—Ej)+Uj—‘/3j—(€i—€j)] (223)
1 1 1

Jit = —=tist; + . 2.24
7 2jjl|:Uj_‘/ﬂ+<€j_€l> Uj—‘/}l+(€j—€l)] (224)

Eq.(2.21) and Eq.(2.22) describe hopping of electron spins via an intermediate doubly

occupied configuration. In the case of H 7, the Heisenberg Hamiltonian, hopping can
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be effectively described as the superexchange of spins localized on neighbouring dots.

The spin operator is related to the fermionic operators by S; = %é}aaaﬂéw, where ¢
denotes the site and «, 8 denote the spins. As for H 3, it describes a two-step hopping
process involving all three dots. First, remove an electron spin from dot [ and add it
onto dot j to form a doubly occupied configuration. Next, remove an electron spin

(not necessarily the same one just added) from dot j then add it to dot 4.

Fig.[2.5] presents the six lowest two-electron energies calculated with different
approaches. As shown in the figure, the Hubbard model with parameters derived
from the LCHO-CI results provides a good approximation of the energies of the two-
electron system. Similarly, the results from t-J model also provide an equally good

approximation.

Next, we turn to discussion of a half-filled (N, = 3) triple quantum dot. Similar
to the previous case, we can again separate the Hilbert space into spin-resolved sub-
spaces. The fully polarized subspaces are trivial, as the subspaces each contain just
one state each. For instance, S, = 3/2 only have this state [3/2,3/2) = éITégTégT 0).
Thus, only S, = £1/2 subspaces are of interest. However, due to the symmetry (just
flipping all the electron spins) between these two subspaces, we just pick the S, = 1/2
subspace, which contains three singly occupied configurations and six doubly occu-
pied configurations, for discussions. We again separate the space into D4 of singly

occupied configurations and Dy of doubly occupied configurations.

In the subspace D4, we repeat the perturbative analysis, but up to the third order
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Figure 2.5: Energy spectra of the six lowest two-electron states in the S, = 0 subspace
of a triangular triple quantum dots. The first column presents calculations with
LCHO-CI method with only S-shell in the single particle basis. The second column
presents calculations with LCHO-CI with both S- and P-shells included in the single
particle basis. The third column gives results by a Hubbard model whose parameters
are obtained from the LCHO-CI model with S- and P-shells included. The fourth
column shows the results by a t-J model derived from the Hubbard model. “X2”
denotes doubly degenerate levels.
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in this case, to derive the effective Heisenberg Hamiltonian with a chirality term,
]:IHeis = I:—,J + I:IX + qu

1 ~

i<j 1<j<k

where I:IX is derived in the third order of the transformation and the coefficient x;;; =

241tij ||tk || kil

GEE sin(2m¢) exists only when the magnetic flux ¢ # 0 and the field B is

applied perpendicular to the triple quantum dot. It is important to derive the effective
Hamiltonian up to the third order when N, = 3, because the Heisenberg Hamiltonian
Hj has a doubly degenerate ground state when .J;; = J in the S, = —1/2 subspace.
This doubly degenerate ground state can be split due to the magnetic flux-induced
term ]:IX. In Eq.(2.25), we ignore the term Hy + Hy + Hy because they provide a

constant shift of energy for all states.

2.2 Electronic and Spin Properties as a Function
of Number of Electrons, Topology and Biasing

of Central Dot

In this section, we study the electronic and spin properties of a triple quantum
dot by exact diagonalization of the Hubbard Hamiltonian, Eq.(2.18). In particular,
we consider two different topologies: linear (Fig.[2.1b]) versus triangular (Fig.[2.1b])
triple dots. However,we do not consider magnetic field in this section. For a triangular
triple dot, we consider an almost fully resonant case where all the similar Hubbard

parameters are identical, i.e. t;; =, U; = U, and V; = V, except the on-site energy
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of dot 2 may be shifted by the bias A with respect to on-site energies of other two
dots, i.e. By = E3 =0 and E; = A. For a linear triple dot, we consider the Hubbard
model with the following parameters: t1o = to3 = t, t13 =0, Uy = Uy = U = U,
Vig = Vog = Vo, Vi3 =V, By = E3 =0, and E; = A. The topology of the triple
quantum dot depends on whether t13 equals to zero or not. The bias of the central
dot, A, is used to electrically tune the singlet-triplet transition in a triangular triple
quantum dot charged with 2 holes (4 electrons) in Chapter [4], and is also used to
tune a linear triple dot into a particular quadruple point involving the following four
charge configurations: (1,0,1), (1,1,1), useful for quantum information processing,
(2,0,1), and (1,0,2) in Chapter [6]. In this section, we discuss the triple dots with
up to N, = 5 electrons. The sixth electron case does not require analysis, as there is
only one possible configuration | N, = 6) = CJ{TCETCETCJ{ icg icg 1 10), where each molecular

orbital is doubly occupied. The energy associated with this configuration is given by

Er = QZi E; + Zz Ui + Ei;ﬁj 2Vi;.

2.2.1 Omne-Electron and One-Hole Case

First, we look at the single electron case. We consider the S, = —1/2 subspace
and use a localized basis {|1),|2),|3)} , where |i) = CZUO). In this basis, the Hubbard

Hamiltonian, Eq.(2.18), reads,

0o t t
Hle = t At . (226)
t t 0
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As mentioned, ¢ (tunnel coupling between dots 1 and 3) in the single-particle matrix
above assumes value t for triangular triple dots and value 0 for linear triple dots.

By inspection we see that the state |D) = (|1) — |3))/v/2 is an eigenstate of
Hamiltonian, Eq.(2.26), for both values of ¢’ considered. This state |D) is a quantum
dot analogue of the “dark state” [55, 56, 36] in atomic physics and quantum optics.
The dark state |D) is always the eigenstate of the system when A on dot 2 is the only
changing parameter, since the dark state has no |2) contribution. This state will not
conduct current when the triple quantum dot is coupled to the leads. The occupation
of this dark state in a TQD should lead to negative differential conductance [56] in
the transport spectroscopy. The coherent population trapping property of the dark
state has been proposed as a useful resource for performing the Coherent Tunneling
via Adiabatic Passage (CTAP) protocol [55] for transfer of quantum information
encoded in a double-dot charge qubit.

There are two states orthogonal to the dark state |D): the bright state |B) =
\/Li(|1> +13)) and the central state |C) = [2). The 2 by 2 Hamiltonian matrix
spanned by the bright and central state can be analytically diagonalized, and the
two eigenstates expressed as a linear combination of the bright and central state:
| M) = cos(¢)|B) +sin(¢)|C) and | M) = —sin(¢)|B) + cos(¢)|C), where tan(2¢) =

2v/2t /(A —t'). The eigenenergies associated with | D), |M;) and |M,) are given by

ED = _tla
t+A 1
Ey, = ; —5\/(A—t’)2+8t2,
Y+A 1
Fa, — J; + VB EP s (2.27a)

We note that Ep = E)y, is a doubly degenerate excited state when we have a fully
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resonant triangular triple dots under the following conditions ¢’ = ¢ < 0 and A = 0.
Under the full resonance, the states |M;) = \/Lé (11) —212) +13)), |M2) = |ko) =
\/Lg (]1) +|2) +|3)), and |D) are commonly referred to as the Jacobi states. Since | D)
and |M;) are degenerate, we can have a linear combination of these two eigenstates,
ki) = \/Lg (J1) 4 eE27/3 |2) + e*¥7/3|3)). Representing the doubly degenerate excited

states with |k1) is useful when we discuss the Aharonov-Bohm oscillations in presence

of a magnetic flux, and when we discuss the coded qubit in Chapter [3].

We remark that the single particle energy spectrum of a linear triple dot satisfies

a specific order of energies, Fy, < Ep < E,y,, for all values of A > 0.

Next, we discuss the electronic properties of one hole (five electrons). In the
S, = —1/2 subspace, there exists three possible hole configurations, which are ob-
tained from the fully-occupied six-electron configuration |Ng) by removing a spin-
down electron from one of the three localized orbitals. For instance, a hole on orbital
i denotes |i") = h! |N. = 6), where h}i = (—1)%¢;y. If we build the Hamiltonian ma-

trix in the basis of {|17) |2/},

3 >}, the matrix has identical structure as the single
electron matrix, Eq.(2.26). The only differences are (1) the diagonal matrix elements
E; should be replaced with Er — E; — U; — Z#i 2Vi;, where Ep is the energy for the
six-electron configuration, and (2) the tunnel coupling acquires a negative sign, i.e.
tij = —ti;. With these modifications made to the Hamiltonian matrix, Eq.(2.26), it
now describes a single hole in the TQD. The eigenstates of the modified Hamiltonian
remain intact from the particle-hole transformation, and still assumes the form (with
the understanding that |i) should be replaced with |i*) in the hole picture) described

earlier. However, due to the negative sign introduced in the off-diagonal matrix ele-
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ments, the energetic relatons among these eigenstates are reversed. For instance, for
a fully resonant triangular TQD, a single hole has a doubly degenerate ground state

given by | D) and |M{") and a unique excited state |M]").

2.2.2 2-Electrons and 2-Holes Case

We first discuss the two electron triplet S, = 1 subspace with three basis vectors,
{|Th2), |T1s), |To3)}, and their definitions are already provided in the section [2.1.3].

The Hubbard Hamiltonian in this basis reads

A+V' ¢t —t

Hyr = t V t ) (2.28)

't A4V

where t' = t and V' = V for triangular triple dots and ¢ = 0 and V' = V; for
linear triple dots. We observe that the Hamiltonian matrix, Eq(2.28), looks very
similar to the Hamiltonian matrix, Eq.(2.26), when we subtract A + V' from the
diagonal elements in Eq.(2.28). The negative phase associated with ¢’ in Eq.(2.28)
arises whenever an electron with spin ¢ is moved from dot 1 to dot 3 or vice versa
when there is another electron with the same ¢ in dot 2. This is because of the
anticommutation relation between fermion operators and the choice of the basis vector
which order the fermion operators in a particular way.

Similarly, by inspection, we note that a triplet dark state [Tp) = (|T12) —|Tss))/Vv/2
is an eigenstate. Therefore, we define the triplet bright state |T) = (|T12)+|Ta3))/v/2
and the triplet central state, |T¢) = |T13). Rotating the Hamiltonian, Eq. (2.28), into

the basis of bright, central, and dark states, a 2 by 2 Hamiltonian matrix coupling the
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bright and central states is derived. The other two eigenstates of the triplet subspace
can then be obtained in the form of, |M]) = sin(¢)|Tg) + cos(¢)|T¢) and ML) =
—cos(¢)|Ts) + sin(¢)|Te), where tan(2¢) = —2v/2t/(A, +t'), and A, =V — A =V’

. The corresponding eigenenergies of the three states are

Er,=A+V +1, (2.29a)
;o1

Eyr=A+V + 3 ((AU —t) = (A, + )2+ 8t2) , (2.29Db)
;1

Byp =A+V + ((AU )+ /(D + )2+ 8t2) . (2.20¢)

For the fully resonant triangular triple dots, ' = ¢, V/ = V and A = 0, the
ground state is doubly degenerate with Er,, = Epyg, and the wave functions |M1T > =
\/Lg (|T12) + 2|T1s) + |T3s)), |M2T> = \/Lg (|T12) — |T13) + |T23)), and |Tp) resemble the
Jacobi states defined in the single particle case. A notable difference is the negative
phase associated with |T33) in [M{") and |M7) is mismatched with the phase of |2)
in |M;) and |M,). This is because of the corresponding negative phase associated
with ¢ in the Hamiltonian matrix Eq.(2.28). For the linear triple dots, similar to
the single particle case, the 2-electron triplet spectrum always satisfy the relation:
Eyg > Er, > Eyr for all values of A > 0. We next remark that the energy dif-
ferences between the triplet states are proportional to a single particle property, the
tunnel coupling ¢, because the two electrons in a triplet state do not occupy the same
orbital due to the Pauli exclusion principle. This can be most easily shown when we
consider a fully resonant triangular triple dot, the energy gap between the excited
state and the doubly degenerate ground state is 3|¢|.

Next, we proceed to the analysis of the two-electron singlet subspace, which con-

tains three singly occupied configurations and three doubly occupied configurations.
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By specifying the basis vectors, {|S12), |S13), [Sa3), [S11), |S22), |Ss3)}, the Hubbard

Hamiltonian matrix reads,

A+V' ¢ #/ Vot o V2t 0
t 1% t V2t 0 V2t
t t A+V 0 Vot o 2t
Hoyg = . (2.30)
V2ot V2ot 0 U 0 0
V2t 0 V2t 0 2A4+U 0

0 V2t V2 0 0 U

The upper 3 by 3 matrix corresponds to the singly occupied configurations in the
singlet subspace. This sub-matrix should be compared with Eq.(2.28) of triplet states,
and the only difference is the sign factor associated with ', which matters only for a
triangular topology. Thus, in a triangular topology, the singlet and triplet states can

be discerned by the phase of t'.

Analytical expressions for all eigenvectors and eigenvalues of Eq.(2.30) are not
easy to obtain under the most general case; however, we may obtain analytical results
within the t — J model if we are only interested in the three lowest states, which are
approximated by the singly occupied configurations in the singlet subspace, when
U > V,A. Keeping the order of the basis vectors as in Eq.(2.30), the t — J model

for 2-electron singlets reads,

E, Tt
Hy=| ¢ E, t | (2.31)
ot F




where

Ei=V+A-J, (2.32a)
By =V — J, (2.32b)
t=1t+2Js, (2.32¢)
=1t +2J5, (2.32d)

where quantities in Eq.(2.32a’s) are given as follows

J = 2|t? {U_é,+A+U_é,_A:, (2.33a)
‘]3:_%’“2 {U—Xi’thjLU—é’—A_’ (2.33b)
J = 4|t')? {U i 7| (2.33¢)

%:—mmUiv. (2.33d)

For our following discussion, we will simply look at the ground state energy of the

singlet subspace Eg = % (El + Byt — \/(El — By + 5’)2 + 81?2), and the singlet-
triplet gap given by

2|t|2 .
t— U‘—_|V’ triangular

ES_EMiT -

—4_1 [\/(V Vet 2482 — (V- Va2 + 8t2], linear
(2.34)

when A = 0. Since t/,t < 0, we see that the singlet-triplet gap is negative for

the 2-electron case for both topologies. If we consider now U > A > t, then the

singlet-triplet gap is approximately given by

— 4|f‘2 , triangular
E,— Eyr = vy (2.35)
i i linear

T U-V'+A  U-V/'=A"
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Eq.(2.34) and Eq.(2.35) together indicate that the 2-electron ground state is a singlet
state for both topologies when A < U.

When A approaches the values of U, the t—J model is no longer applicable because
the two subspaces D4 and Dp are no longer separated by a well-defined energy gap,
a necessary condition to carry out the above perturbative analysis. We now consider
A = U —V, the two singly occupied states |Si2) and [Sa3) become degenerate and
hybridize with doubly occupied states |Si1) and |Ss3) respectively, as checked by
looking at the diagonal matrix elements in Eq.(2.30). Thus, we rotate the Hamiltonian
matrix into a new basis set: {|S13),|Uf;),|Uss) ,[S22)} where |Us3) = |512
|S11)) and {U23> = |5’23> + | Ss3)), which takes into account of hybridization. The
state |Sa2) ~ 3U (because the central dot is significantly biased with A ~ U) becomes
too high in energy and can be neglected. The state |Si3), not affected by the bias
A on the central dot, becomes clearly the dominant ground state configuration. The

ground state energy, up to 2nd order perturbation theory, is given by

1 1
Es =V — 4t + ) 2.36
° (2(U—V)+v'+2\/¥ 20U = V) + V' =2/t (2:36)

for the linear topology. Compared with F m7, the 2-electron ground state is still a
singlet state which is predominantly characterized by (1,0,1) charge configuration
when A=U - V.

Next, we discuss two holes, removing two electrons from a complete shell of N, =
6 electrons, in a triple dot. The Hubbard model can be converted for analysis in
the hole picture; we need to apply the following transformations to single particle
properties: t;; — —t;; and By — Ep — E; — U; — 22#1. Vi;. Different from the

electron picture, the hole tunnel coupling satisfies ¢,; > 0, and increasing the on-site
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energy FE; actually lowers the confining potential of a hole. Updating the parameters
in Eq.(2.28), Eq.(2.30), and Eq.(2.20) accordingly, one can immediately deduce 2-
hole properties from the equations derived when studying the 2-electron system. An
interesting result arises in Eq.(2.34) for the triangular topology. Now, the fact that
t > 0 implies the 2-hole ground state is a triplet when A = 0. When A > ¢,
Eq.(2.35) implies a singlet-triplet transition such that the singlet becomes the 2-hole
ground state. Fig.[2.6] shows the energy gap between the lowest singlet and triplet
states as a function of bias A. Predicted by both the Hubbard and t-J models, the
numerics confirms an electrically tuned singlet-triplet transition in a triangular triple
quantum dot. This remarkable result demonstrates that the magnetic properties of a
2-hole triangular dot can be electrically manipulated. This idea inspired a scheme to
electrically control the spin-spin interactions (ferromagnetic versus antiferromagnetic)
between two electrons in a pair of neighbouring dots by coupling a third dot with two
electrons to form a triple dot. This subject will be discussed in greater detail in

Chapter [4].

2.2.3 Three-Electron Case

Finally, we consider three electrons in a triple dot. We focus on the unpolarized
subspace S, = —1/2 for discussions. In the regime of U > |A|, ||, the Heisenberg
Hamiltonian provides an accurate approximation to the three lowest states. Fig.[2.7]
shows the nine three-electron energy levels in S, = —1/2 subspace calculated with
the LCHO-CI (with S-shell only) and the Hubbard model, as well as the three lowest

levels calculated with the Heisenberg model. As shown in the figure, the lower band
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Figure 2.6: The triplet-singlet gap of two holes in a triangular triple quantum dot as
a function of biasing on dot 2. The electrically tuned singlet-triplet transition is only
expected to occur in the triangular topology.

o8



of three lowest levels are well separated from the upper band of six levels by the order
of U -V.

The Heisenberg Hamiltonian matrix in the basis of {|a) ,|b), |c)} reads,

4 _ L J L
2 2 2 2
2 2

il 4 _J_ L

2 2 2 2

where J and J' are defined in Eq.(2.33a) and the basis vectors are defined as fol-
lows: |a) = el ch.el |0y, |b) = el.chel|0), |e) = éf,el.cl.]0). The eigenenergies of

Heisenberg model read,

J

E} = -5~ J, (2.38)
3J

B} =", (2.39)
2

E3 =0. (2.40)

with the corresponding eigenvector |Lg) = \%ﬂa} —le)), |L1) = \/ié(|a> —2[b) + |¢)),
|Ls) = |S3/2) = \%(\a) + |b) + |c)). We see that |Lg1) are spin-1/2 states, while state
|Ly) is a spin-3/2 state. For a fully resonant triangular triple dot, £ = E? is the
degenerate ground state. The two states |Lg) and |L;) represent a good artificial
two level system, which is energetically separated by 3.J/2 from the nearest state,
}5’3/2>. In Chapter [3], we discuss a three-electron logical qubit,which is a linear
combination of |Lg ) states. Sometimes it is more convenient to represent the three-
electron logical qubit levels by |q.) = \/Lg (Je) + €273 |b) + €'*47/3 |a)), which are
eigenstates of the Heisenberg Hamiltonian matrix when J = J' and also eigenstates

of the chirality operator xy = Zi<j<k S; - (S; x Si). Therefore, the applications of the

B, field actually acts as a 0, operator in the logical qubit’s computational subspace.
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Figure 2.7: Energy spectra of three electrons in the S, = —1/2 subspace of a tri-

angular triple quantum dot. The left column gives results by LCHO-CI calculations
with only S orbitals. The right column gives results by the corresponding Hubbard
model. “X2” in the figure denotes doubly degeneracy. The last column on the right
is obtained from Heisenberg model, which contains only localized spin configurations
and only gives the three lowest states in the subspace. The red bars represent the
S = 3/2 spin state in the subspace. The other black bars represent S = 1/2 states.
The doubly degenerate ground state of this three-electron complex constitutes a well-

isolated two-level system, which can be used as a coded qubit as discussed in the
Chapter [3].
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Next, we consider the case A ~ U. In this limit, the Heisenberg model no longer re-
mains valid. Analysis of the electronic structure has to be carried out within the Hub-
bard model. When A is large, two doubly occupied configurations |d) = éhé{ ¢é;}ﬂO},
and |e) = éhé;@; 110) become close in energy with the three singly occupied config-
urations. This is because it costs roughly the same energy to place an electron on
an empty dot 2 or an already occupied dot 1 or 3. Now, we include |d) and |e) in
our previous perturbative analysis of the singly occupied configurations. To facilitate
analysis, we define |X) = \/ii(|d> + le)), and |Y) = \%(!d} — le)). In the reduced

basis,{|Lo), | X), |L1),|Y)}, the 3-electron Hubbard Hamiltonian reads,

A+2V +V —t 0 0
—t U+2V 0 0
Hs, = (2.41)
0 0 A+2V +V V3t
0 0 V3t U+2V

With a proper selection of basis functions, the 3-electron Hamiltonian matrix sepa-
rates into a pair of sub-matrices describing logical qubit states |Lg) and |L;), each en-
tangled a specific linear combination of the doubly occupied configurations. Each sub-
matrix can be independently diagonalized and the eigenstates read |Lg ) = cos(¢)|Lo)+
sin(@)X), |Lg) = sin(@)|Lo) — cos(6)|X), [LF) = cos(8)|Ly) + sin(@)[Y), L) —
sin(f)|Ly) — cos(0)|Y), where tan(2¢) = t/¢, tan(260) = v/3t/¢, and € = (A 4+ 2V —
U —V)/2. We remark that by tuning the bias A on the central dot, the few lowest
eigenstates undergo smooth transition from predominantly characterized by (1,1, 1)
configurations useful for quantum information processing to the regime where the

hybridization between localized orbitals becomes important and the three-electron
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wavefunctions become almost equal admixtures of (1,1,1), (2,0,1), and (1,0, 2) con-
figurations needed for transport of electrons through a particular quadruple point

discussed in greater detail in Chapter [6].

2.2.4 Stability Diagrams

Stability diagrams provide means to present important electronic and spin prop-
erties of a triple quantum dot. Fig.[2.8] presents the stability diagrams for linear and
triangular triple quantum dots. The diagrams are calculated as follows. For given
values of on-site energies (F1, s, E3) (however, F, = Ej3 in Fig.[2.8]), we first com-
pute the ground-state energy Fggs(N.) for each possible number of electrons (from
N. =1 to N, = 6). We then use these energies to calculate the chemical potential
W(Ne) = Egs(Ne + 1) — Egs(N.). When p(N,) is below the chemical potential of
the leads (which is taken to be 0 in this calculation), then the (Ne + 1)-th electron
is added to the N.-electron triple quantum dot. When N, is the smallest number
such that pu(N.) is greater than the chemical potential of the leads, the number of
electrons in the ground state is N.. In Fig.[2.8], the spin of the ground state in the

N, subspace is shown.

In Fig.[2.8], we see that two-electron subspace always has spin-0 ground state in
both topologies of the triple quantum dot. However, four-electron (two-hole) sub-
space allows singlet-triplet transitions in the triangular topology. Near the resonance
condition, £y = FEy = FEj3, the 2-hole subspace admits triplet ground states in the
triangular topology. Our result also shows that the three-electron ground state is

always spin-1/2 in the absence of a magnetic field.
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Figure 2.8: (a) Stability diagram of a linear triple quantum dot under the condition
E, = E3. (b) Stability diagram of a triangular triple quantum dot under the same
condition. In both diagrams, the yellow-coloured regions have spin-1/2 ground states,
the red-coloured regions have spin-1 ground states, and the black-coloured regions
represent either spin-0 ground states or no electrons.

2.3 Aharonov-Bohm Oscillations in a Triple Quan-

tum Dot

Now we discuss the effects of magnetic flux on electronic and spin properties of
TQDs. We focus on a fully resonant triangular TQD (A =0, ¢ = t, and V' = V)
subject to a perpendicular field B, which generates a flux ¢ penetrating the closed-
loop structure. As discussed in Ref. [57], a non-zero flux causes the Hubbard model’s
tunnel couplings to acquire Peierl’s phases, —|t;;|e ™4 with ¢;; = —¢;; and ¢19 =
Po3 = P31 = ¢ where ¢ is the flux and is expressed in the unit of the flux quanta
¢o = hc/e. The Peierl’s phase is responsible for the Aharonov-Bohm (AB) oscillations

in the energy spectra of TQDs. Furthermore, the Zeeman energy gugBS. also plays

63



an important role in favouring polarized spin states as the ground state. The spin

property of the ground state is the interplay of the two factors.

First, we consider the single particle case. Under a B, field, the total S, is a
good quantum number and we separate the Hilbert space into S,-resolved subspaces.
Therefore, we analyze just the S, = —1/2 subspace for the one-electron case. The
energies computed in the S, = —1/2 subspace can be related to the energies in the

S, = 1/2 subspace by adding the proper Zeeman energy gap.

The single-particle Hamiltonian matrix, Eq.(2.1), is updated with t;;(¢). The
cigenstates are the Fourier transformation of the localized basis, |k) = Z= 25:1 5% =D |5)
with s = —1,0,1. The corresponding eigenenergies (without the Zeeman energies)
read E(¢) = —2|t| cos (2m(¢ + s)/3). As shown in Fig.[2.9], these single particle en-
ergy levels undergo AB oscillations with periodicity of 3 flux quanta. At ¢ = (2n+1)/2
with n = 0,1, 2, ... the system has a degenerate ground state and a unique ground
state. At ¢ = n, the spectrum is inverted with a degenerate ground state. The one-
hole system has also eigenstates that are obtained by applying the discrete Fourier
transformation on the localized configurations and its energy spectrum also manifest
the AB oscillation at the same frequency. However, the degeneracy of the spectrum

is inverted, i.e. whenever the one-electron spectrum has a degenerate ground state,

the one-hole spectrum has a degenerate excited state, and vice versa.

Next, we proceed to the analysis of 2-electron and 2-hole cases. Again, we con-
sider the 2-electron triplet subspace S, = 1. The triplet Hamiltonian, Eq.(2.28),
is also modified with the Peierl’s phase factor added to the tunnel couplings; nev-

ertheless, the triplet Hamiltonian still looks similar to the single particle Hamil-
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Figure 2.9: (a) Single-particle molecular levels (without the Zeeman energies) with
S, = —1/2 as function of ¢. The three levels can be identified with states |k;). As
shown in the inset, the degeneracy point in the single particle spectrum is periodically
inverted between the ground state and the excited state. (b) Two-electron energy
spectra (without the Zeeman energies) as function of ¢. The dashed curves represent
the three lowest levels in the singlet subspace, and the solid curves are the three
lowest levels from the triplet S, = 1 subspace. (c¢) The two-electron singlet-triplet
transition (without the Zeeman energies) as function of ¢. (d) Two-electron ground
state is a triplet when there is a molecular ground state that is doubly degenerate.
The energy of the triplet configuration is lowered by the exchange interaction. (e)
Two-electron ground state is a singlet when there is a unique molecular ground state.
(f)-(g): similar to (d)-(e), but for 4-electron (two-hole) case. The situation is reversed.
When the molecular ground state is unique, a two-hole triplet is the ground state and
vice versa. The flux ¢ in all figures is given in units of flux quanta ¢y.
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tonian. Thus, we identify the eigenstates for the 2-electron triplet subspace to
be |Tk> = \/Lg (|T12> + e |T13) +ei4§k\T23>>, with & = —1,0,1. The eigenener-
gies in this subspace are given by E5 = V + 2|t|cos (27(¢ + s)/3). The 2-electron
triplet energies (not including the Zeeman term) oscillate at the same frequency and
the same order of magnitude as the single particle energies, as shown in Fig.[2.9b].
Next, we consider the 2-electron singlet subspace. We note the 3 by 3 sub-matrix
in the upper corner again resembles the single particle Hamiltonian. So we rotate
the Hamiltonian to the new basis {‘§0> , ’§1> , ’5'_1> ,|S11) 5 |S22) 4 |:Ss3) }, where ’Sk>
is defined similarly to the triplet states |Tk> In this new basis, the three lowest
energies (correspondingly approximately to |§k> with £ = —1,0,1) are given by

2 COS2 e 3 3
Ef =V —2|t| cos(2m(d+5)/3) — % (U—v+2|(tz\céf(;i)(ﬁk)/3)' As shown in Fig.[2.9b], the

singlet energies oscillate at the same frequency as the triplet states as well as single
particle states. The coherent oscillations of the triplet and singlet energies imply an
oscillating triplet-singlet transition in the ground state of the 2-electron subspace as
shown in Fig.[2.9¢c]. However, at high field limit, the Zeeman energy term forces the
ground state to be polarized. The oscillation of the singlet-triplet transition may
be understood from the periodic inversions of the degeneracy points in the single
particle spectrum. When the system has a doubly degenerate single particle excited
state, the 2-electron ground state is a singlet state as in Fig.[2.9¢]; on the other hand,
the 2-electron ground state is a triplet state as in Fig.[2.9d] when there is a doubly

degenerate single particle ground state.

Now, we consider the two-hole case. We apply the particle-hole transformation to

the 2-electron Hamiltonian matrices. After applying these changes, we find that both
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two-hole triplet and singlet energies oscillate at the same frequency of 3 flux quanta
as in the 2-electron case and the single particle case. Similar to the one-electron and
one-hole case, the two-hole singlet-triplet ground state transition is out of phase with
the two-electron case. Whenever the two-electron system has a triplet ground state,
the two-hole system has a singlet ground state and vice versa. Fig.[2.9f] and Fig.[2.9g]
illustrate the singlet-triplet configuration in the two-hole subspace. Finally, upon the
introduction of the Zeeman energy, the system favours the polarized configuration
at high field and suppresses further triplet-singlet transitions as in the case with

2-electron system.

At last, we discuss the magnetic flux-induced behaviour in the three-electron sys-
tem, described by the Heisenberg model. The exchange interaction parameter J;;
depends only on the norm of the tunnel coupling |¢;;]%; thus any flux dependent
Peierl’s phases get cancelled out. However, additional flux-dependent behaviours
emerge in the third order perturbation analysis with the derivation of the chiral-
ity term, Eq.(2.25), when ¢ # 0. The chirality operator has a coefficient x;;, =
WSin@wqﬁ). Thus the two lowest states, the three-electron logical qubit
levels |gy4) in each of the S, = £1/2 subspace undergo coherent oscillations with an
amplitude |t]3/(U—V)?, and the oscillations frequency is only one third the frequency
of the single particle AB oscillation. Since the three-electron energies oscillate with
small amplitude, the effect is dominated by the Zeeman term. The Zeeman energy
is on the order of 20 peV / Tesla while the chirality-dependent splitting is on the

order of 0.5 peV for realistic GaAs parameters. Thus, in Fig.[2.10], the three-electron

energy spectrum exhibits almost a linear dependence (a signature of Zeeman energy)
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Figure 2.10: The 8 lowest three-electron levels as a function of ¢ in the entire Hilbert
space with possible S, projections. The Zeeman energy is included. The four lowest
states (dashed curves) represent the degenerate levels in the S, = +1/2 subspaces,
respectively, at zero field. Due to the chirality term in Eq.(2.25), the two levels in
each branch undergoes oscillations. The inset shows the oscillations between black
and red curves in the lower branch in detail. The flux ¢ in both figures is given in

units of flux quanta ¢y.
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on ¢ with some small oscillations within the two lowest branches in the figure. In the
inset, the AB oscillations due to this chirality term is shown. The levels oscillate at
1/3 the frequency of the single particle states. At certain point, a transition of the
ground state goes from spin-1/2 to spin-3/2 when the Zeeman term dominates and
the polarized state is the preferred ground state.

Fig.[2.11] provides a summary of the electronic properties of a triple quantum
dot as a function of on-site energies (E; = E; = FEj3) and magnetic flux ¢. As
seen in the figure, the two-electron and two-hole subspaces undergoes AB oscillations
as a function of ¢, and make transitions between singlet and triplet ground states.
However, at higher flux limit, the Zeeman term becomes important and the region
of triplet as ground state is widened in the parameter space. As discussed already,
the AB oscillation is exactly out of phase between the two-electron and two-hole
subspace. For one-electron, three-electron, and one-hole subspace, the AB effects do
not involve states from different total spin subspaces. In the three-electron subspace,
the transition between spin-1/2 and spin-3/2 states is simply due to the Zeeman

energy.

2.4 Conclusion

In this chapter, we introduced the set of theoretical tools we use to study the elec-
tronic and spin properties of a nanostructure, such as a gated lateral triple quantum
dot, capable of confining a few electrons.

We next analyzed the electronic and spin properties of a triple quantum dot

as a function of topology, bias, and number of electrons. We commented on the
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Figure 2.11: Stability diagram of a triangular triple quantum dot as a function of on-
site energy F; = E, = F3 and the magnetic flux ¢ threaded through the structure.
The black-coloured regions denote spin-0 ground state or no electrons. The purple-
coloured regions denote the spin-1/2 ground state. The orange-coloured regions de-
note the spin-1 ground states. The yellow-coloured regions denote the spin-3/2 ground
states. As shown the stability diagram is separated into rows with well-defined num-
ber of confined electrons. The flux ¢ is given in units of flux quanta ¢g.
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possibility of realizing a coded qubit with the lowest states in a half-filled TQD.
We also pointed out the electrically-tuned magnetism, possible with 2 holes (or 4
electrons) in a triangular TQD.

We then analyzed the electronic and spin properties of a triangular triple quantum
dot in the presence of a perpendicular field. In the two-electron and two-hole regime,
the triple quantum dot manifests alternating singlet-triplet transitions, which gradu-
ally die out at higher field where the Zeeman energy dominates. In the three-electron
regime, the chirality states also undergo AB oscillation. However, the magnitude of

this oscillation is small.
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Chapter 3

Chirality-based Coded Qubits in

Triple Quantum Dot Molecules

3.1 Introduction

There is currently interest in exploiting electron spins for nano-spintronic [58] and
quantum information processing [17, 59, 18, 32]. This is partly motivated by electron
spin long coherence times [60] and availability of scalable semiconductor technology.
In the simplest approach, a physical qubit is identified with the two states of an
electron spin, which can be manipulated by utilizing electron spin resonance (ESR)
with highly localized magnetic fields. Experiment demonstrating the basic single spin
rotation with ESR was reported in Ref. [61]. As discussed in Chapter [1], the simple
ESR proved to be very difficult to realize in a nanostructure. Much progress has been
achieved in using the Electric Dipole Spin Resonance (EDSR) based approaches such

as micro-magnet [62, 21] technology, and combination of oscillating electric field with
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spin-orbital coupling [22], to drive coherent oscillations of electron spin qubits. An
alternative approach is to encode a qubit in two levels of many-electron spin complexes
[59]. This includes a singlet-triplet two electron coded qubit [24] and a qubit encoded
in a degenerate ground state of a linear three-spin complex [25]. DiVincenzo et. al.
[25] proposed the encoding of a qubit in the many-body states of a three-spin complex.
They showed how to perform universal quantum computation by only tuning the
exchange interaction between pairs of spins. The ability to manipulate the state of
a coded qubit with voltages is due to the interplay of Coulomb interactions and the
Pauli exclusion principle. Our proposed coded qubit in a triple quantum dot (TQD)
is identified with the chirality of the three electron spin complex. Similar proposals
implementing coded qubits with spins in TQDs [63] as well as atomic traps [64, 65]

exist.

The advantages of working with a coded qubit are two-fold. First, every quantum
gate can be implemented electrically. In such a scheme, the magnetic field is only used
for initialization and measurement of a coded qubit. Second, the coded qubit operates
in a Decoherence Free Subspace [26, 66, 63, 67] (DFS) and is immune to channels of
collective decoherence. In later sections, we will look at decoherence due to fluctu-
ating charged impurities [68] in semiconductor host material. Any qubit architecture
that exploits the charge degree of freedom of an electron suffers decoherence due to

electrostatic fluctuations such as 1/f or random telegraph noise.

Other interesting phenomena involving TQD molecules include non-Fermi liquid
behaviour when coupled to leads [69, 70, 71], potential for generating maximally

entangled three-partite GHZ and W states [72, 73, 74|, and manipulation of the total

73



spin [39] of the four-electron complex in TQD.

In this work we develop a microscopic theory of logical qubits encoded in the chi-
rality of electron spin complexes in TQD molecules. We use the Linear Combination
of Harmonic Orbitals - Configuration Interaction (LCHO-CI) [75] formalism, Hub-
bard and Heisenberg models to determine a set of optimal conditions for coded qubit
operations and derive an effective model of two qubit operations. We show that there
exists an optimal in-plane magnetic field for the operation of coded qubits. How-
ever, the application of a magnetic field induces an undesired rotation of the coded
qubit states; we show that the undesired rotation can be reversed by tuning the gate
voltage on one of the dots. In our analysis of fluctuating charged impurity-induced
decoherence, we find the coded qubit to be robust against this particular channel of
decoherence. This suggests that the dominant source of decoherence for coded qubit
is probably hyperfine-induced decoherence [76, 77, 78, 79]. In short, a coded qubit
combines the advantages of a charge qubit, such as the possibility of performing co-
herent quantum operations with only electrostatic means, and that of the spin qubit,

such as the long coherence time.

3.2 Models of Chirality-based Coded Qubits

Fig.[3.1a] presents the schematics of a large-scale quantum circuit consisting of
Ny triangular triple quantum dot molecules (TQDMs). The circles in the schematics
denote individual gated lateral quantum dots. The gates are tuned to confine a
single electron, denoted by arrows, in each dot. With one spin per dot, each TQDM

constitutes a coded qubit in this architecture. Additional gates (not shown here)
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are used to control tunneling, shown schematically as solid lines, between dots in
the same TQDM. Dashed lines indicate tunneling of electrons across neighbouring
TQDMs. The tunneling effect mediates the exchange interaction between electron
spins localized on neighbouring QDs. The brackets in the schematics indicate that
the two TQDMs are isolated from the rest of the circuit. It is assumed that any
number of TQDMs can be isolated from the rest of the circuit by simply turning off

the boundary exchange interactions with gate voltages.

For comparison, Fig.[3.1b] shows another possible quantum circuit composed of
linear, instead of triangular, TQDMs. This layout is similar to the linear chain of
spins originally proposed by DiVincenzo et. al. [25], in which there is effectively no
exchange interaction between spins on the edge dots. Fig.[3.1c] is another possible
architecture studied by Weinstein [63] et. al. for spin system. However, this architec-
ture allows the possibility of having a strong next-nearest neighbour coupling between
TQDMs when the inter-TQDM distance falls below some critical distance. We prefer
the architecture illustrated in Fig.[3.1a] because the system is much easier to operate
when only nearest neighbours on the chain are coupled. Under the assumption that
we can electrically control the exchange interactions between QDs, the study of this
large-scale quantum circuit is essentially reduced to study of the fundamental circuit

components: single TQDM and two coupled TQDMs.

In order to thoroughly analyze a single TQDM, the most elementary component
of a quantum circuit described in this study, we apply the LCHO-CI formalism to
describe its electronic properties with microscopic details. It is important to start

the analysis with a microscopic model for two reasons. First, we want to present a
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Figure 3.1: Three possible layouts for a chain of coded qubits. Each solid and dash
line represents an exchange interaction between a pair of QDs. The layouts (a) and (b)
differ in that the constituent coded qubits are implemented with triangular TQD in
(a) and with linear TQD in (b). The layouts (a) and (c) differ in the way coded qubits
are connected in a chain. If the inter-qubit distance is reduced beyond a threshold,
an additional set of exchange interactions will arise and dominate the behaviour of
the system in layout (c).
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more comprehensive analysis of the chiral states starting from the microscopic model.
Secondly, to properly account for the decoherence induced by the fluctuating charged
impurity, we should incorporate the Coulomb interaction between electron spins and
the charged impurity in the microscopic model. Based on the LCHO-CI calculations,
we then derive the Hubbard and Heisenberg model of a single TQDM, and we will use
these effective Hamiltonians as the basis to describe the large-scale quantum circuits

composed of Ny; TQDMs.

3.2.1 LCHO-CI Microscopic Model

For completeness, we briefly remind readers of the LCHO-CI formalism, Hubbard
model and Heisenberg model introduced in Chapter [2]. With energy measured in
terms of effective Rydberg, Ry*, and length in effective Bohr radius, apg, the dimen-

sionless Hamiltonian of N, electrons confined in a single TQD read

. B} B 2
H’]\[E = Z <_VZ2 + VTQD(T’L)) + Z m; (31)
i i<j ° J
where 7; is the (z,y) position of i electron. The first term in Eq.(3.1) is the sum
of one electron hamiltonians Iflsp with the TQD potential Vrgp(7;) given in Eq.(2.2),

and the second term accounts for the mutual Coulomb interaction among electrons.

Solving the single-particle Hamiltonian, f[sp, by the S-shell LCHO formalism de-

scribed in Chapter [2], the single-particle molecular states of a resonant triangular
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TQD reads

k™) = 1/4/3(1 +25) (|p1) + |¢2) + [3)) (3.2a)
1O) = 1/4/3(1 = 5) (|¢1) + €3] ga) + €7/%|b3) )
KHP) =1/y/3(1—s) (|¢1> + e8] ¢y) + €_i4ﬂ/3’¢3>) ;

where ¢;(r) is the S orbital on dot 7, and s is the overlap matrix element (¢;|¢,), ¢ # J.
The molecular ground state |k/C) is non-degenerate and resembles a standing wave.
The two excited states labeled by wave vector ki, are degenerate, and correspond
to an electron moving either to the left or to the right (charge current). Thus, we
assign quasi-momentum k,,, = 27rm/3 with m = —1,0, 1 to the molecular state ‘kﬂo>,
}k’éqo>, and |k:{10> respectively.

With an abbreviation i denoting the molecular states [k} | Eq.(3.1) can be cast
in the second quantized form

Hy, =Y &% dfd, + % > (i |V k) ] digrdys, (3.3)
I ijkl

where df, (dj,) creates (annihilates) an electron with spin ¢ on the molecular or-
bital |k:f0>, and 52 represents the corresponding single-particle energy. We remark
that the electron-electron Coulomb interaction (ij|V,|kl) conserves the sum of quasi-
momentum for molecular states, i.e. k; +k; = ki + k;, for a resonant triangular TQD.
Thus, the total quasi-momentum is a good quantum number of the N.-electron sys-
tem.

The Hamiltonian, Eq.(3.3), commutes with total S, operator and the three-

electron subspace can be further divided into the S,-resolved subspaces. Later, we

will apply an in-plane magnetic field B along y direction; therefore, we choose the
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spin quantization axis along §. Each configuration |p) = |i{o?, ih0b, i%0%) distributes

the three electrons onto a set of molecular orbitals {i}, i3, i%}, and has a well-defined
total quasi-momentum K? = > i ki§. Because of the translational symmetry asso-
ciated with a fully resonant triangular triple dot, the quasi-momenta K’s which lie
outside the Brillouin zone [—27/3, 27/3] are translated back by reciprocal lattice vec-
tors (27/3)n with n being some integer; this implies that K? for any configuration
can only assume one of the three possible values K; = 2mi/3, with ¢ = —1,0, 1.
Grouping the three-electron configurations by their total quasi-momentum K;, the
Sy = —1/2 Hamiltonian matrix written in the configurations of molecular orbitals
can be arranged in the block-diagonal form with three sub-matrices, each a 3 by 3
matrix corresponding to a specific value of K, respectively. It follows that the eigen-
states of the Hamiltonian, Eq.(3.3), also have a well-defined quasi-momentum K; and
can be written as a linear combination of only configurations in the same subspace:
|[Km) = >, Ayt | KP) with m denoting the m'™ eigenstate in the subspace of K; and
coefficient Az"“i # 0 when K? = K. In this notation, the eigenvalue index m starts
at 1 for the ground state.

Fig.[3.2] shows the three-electron energy spectrum of a TQD [27, 75]. In terms
of localized HO orbitals, the six higher levels in the inset of Fig.[3.2] are composed
mostly of doubly-occupied configurations, whereas the three lowest energy levels are

mainly composed of singly-occupied configurations

— 1 - 27 -4
1 2n 4n
‘Ks> = %(aaaia?{i 0) + e aﬁa}ai 0) + ™3 aﬂaia?} 0)), (3.4)
where a; creates an electron with spin o on the localized HO orbital on dot 4, and s =

—1,0,1. The ground state ’f(&> in the Ky subspace has the total spin S = 3/2. The
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Figure 3.2: The three lowest energy levels in the S, = —1/2 subspace for a TQD
with one electron in each dot. These three states ‘f(}n> are defined in the text. The
two degenerate states, | K 11> and ‘K’ l1> form a coded qubit. Inset: energy spectrum,
including singly and doubly occupied states, of three electrons in a resonant TQD.
The energies are grouped by the total quasi-momentum K; with i =0,1, —1.

ground states }l_( 11> and }l_( l1> in the subspace K; and K_q, respectively, constitute
a well-isolated two-level system and have opposite sign for the quasi-momentum.
These two coded qubit states are isolated from the spin polarized states ‘K3> with
zero quasi-momentum by a gap designated as J.¢y and isolated from the six other
high-lying states by an even larger gap proportional to U —V , where U and V' are the

Coulomb repulsions between electrons on the same dot and different dots respectively.
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3.2.2 Effective Models

As described in Sec.| 2.1.2], results of LCHO-CI calculation can be used to derive
Hubbard orbitals and parameters in the Hubbard Hamiltonian,

3 3 3 3
Hypupp = Z Eini, + Z Ztijcl‘tgcja + % Z Viipipj + Z Uinigngy, (3.5)
=1

ij=1 o ij=1 i=1
i#] i#]j

where ¢, (CZTU) denotes annihilation (creation) operators for Hubbard orbitals, n;, =

T ¢l and pi = nit + n;;. Definitions of Hubbard parameters may be found immedi-

[loiteon]

c
ately following Eq.(2.18). For a resonant TQD, all the similar parameters share just
one value and we will drop the orbital indices and write, for instance, ¢;; = t and
Vij = V etc.

Eq.(2.19) provides the necessary formula to relate the Coulomb matrix parameters
U; and Vj; to the microscopic details calculated in the LCHO-CI formalism. Here, we
provide explicit formula for relating the single-particle parameters E; and ¢;; to the

microscopic details,

E; = (i Hp| ) + 25({bi| Heplds) + (il Hepl b))

+ 82 ((d;| Haplds) + (dr| Hoplbr) + 2(05| Hop 1)), (3.6a)
tiy = (Gil Hoplds) + 5((0il Hopl i) + (851 Hoplds) + (il Hapl i) + (b1 Hopl b))
+ 5 ((Dr| Hapl o) + (0il Haplds) + (il Hapli) + (01 Hopl b)), (3.6b)

where § = %(ﬁ — \/llfs) is the off-diagonal matrix element for the matrix S=1/2,

Eq.(2.17), and s = (¢s|¢;).

In order to analyze two coupled TQDMs, we model them with the following Hamil-
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tonian,

A

Hy = Hjp+Hipy++ Zt/ <é§054a + éLﬁ?m) + V' papa, (3.7)

where HE,, (HE, ) represents a single TQDM Hubbard Hamiltonian, Eq.(3.5),
for the left (right) TQDM. Furthermore, we index the Hubbard orbitals as shown
in Fig.[3.1a] where the third and the fourth orbitals (; = 3,4) belong to the two
adjacent dots connecting the two TQDMs. The parameters " and V' represent the
inter-TQDM tunneling matrix element and inter-molecular Coulomb interactions. V'
is scaled from V by the ratio of distance between adjacent dots in a TQDM and
the inter-TQDM distance. t' is simply taken to be an adjustable variable. In our
model, we consider the parameters corresponding to the regime of strong Coulomb
interactions: ' <t < V' <V < U.
Next, we map the low energy spectrum of the Hubbard Hamiltonians, Eq.(3.5)
and Eq.(3.7), onto the Heisenberg Hamiltonian as discussed in Sec.[2.1.3],
Hy=> J;Si-8; (3.8)
i<j
where we ignore the constant term tn;n;, appearing in Eq.(2.21), which just intro-
duces an overall shift of energy without further implications at the half-filled regime.

We remind that the coded qubit levels are defined as follows,

3
1 12m(n—
lgs) = 7 > ey, (3.9)
n=1

where |n) = S |]1]2d3). If we represent the Heisenberg Hamiltonian in the basis of

{lg-),|q+)}, then we get the effective Hamiltonian for the coded qubit,

. 1 1 1 V3
Hy, = B (Jm - §J13 - §J23) Oy + Ve (J13 — Ja3) 0y (3.10)
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Eq.(3.10) is a spin Hamiltonian with an effective, in-plane magnetic field given by the
exchange interactions.
We compute the exchange constants J;; from the Hubbard Hamiltonian (3.5)

through perturbation theory in strong Coulomb interaction regime (U—V >> t;;, | E;—

E]D We find

1 1
Jii = 2ts:]? . 3.11
5 = 2] <U—V+(Ei—Ej)+U—V—(EZ-—EJ-)> (3:11)

The exchange interaction can be controlled by either tuning the tunneling matrix
element t;; by, for example, additional gates controlling the height of the tunneling

barrier, or by biasing the dots and changing their on-site energy Fj).

3.2.3 Chiral States

In the discussion of the microscopic model, we showed that a fully resonant TQD
has a doubly degenerate ground state, |I_( %> and |I_Ql>, in the S, = —1/2 subspace.
These two states were shown to possess opposite sign for the quasi-momentum, K.
Given Eq.(3.4) and Eq.(3.9), we can see that |K},) and |qx) are just different rep-
resentations of the same states in different models. The quasi-momentum in the

microscopic model is translated into the chirality in the Heisenberg spin model.

We now show that the states |gs) are indeed the eigenstates (with eigenvalues of

opposite signs) of the chirality operator, > S; - (S; x Si), which measures the

i<j<k
degree of collinearity of the three spins. For this purpose, we simply need to act with

the operator S; - (Sy X S3) on |g+) and see if we get back the same states.
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In order to prove the claim, we first expand the operator,

S, - (Sy x Ss) :%Z (Si [Sy S5 — Sy SF] + Sow [SFSy — Sy S5 ]

+85. [S7 S5 — S8y ]), (3.12)

where a change of variables is made such that (z — v,y — 2,2z — 2'), and S =
Siw £ Siyy. We make this transformation in order to conform to the standard notation
that quantization axis is usually labelled with z. The effects of this operator acting
on the three singly occupied configurations in S, = —1/2 subspace are summarized

below,

?

Sy (Sox Sy 1) = & [STS S — STSTS] 1) = (1) — [1)].
(3.13a)

Sy (82 x S = & [S755 S — SESTS W) = L) — 1]
(3.13b)

Sy (82 % )| = L [S757 S — SESTS ) = 1) — )]
(3.13c)

where we see that the effects of the chirality operator is to either move the minority
spin (spin up) forward with positive phase, or move the minority spin backwards with
negative phase.

With these results, we now evaluate

S1-(Sa x S3)|qs) =

L—

eHT — HT) 1) + (1) ) + (e85 = 1) [,
( JI) + (1= e )y + (e - 1) 1))

I
H o=
DO | —

2 L 27 -4
s (37 [ired) + €5 a0+ 1),

I
H

o

|q+) - (3.14)
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These two states, |¢+), can now be more intuitively described as the minority spin
currents moving either to the left or to the right as in Resonant Valence Bond (RVB)

plaquette [80, 81, 82, 83].

3.3 Quantum Information Processing with Coded
Qubits

In this section, we describe the necessary preparations and initializations of coded
qubits. Next, we discuss the generation of single and double qubit operations by
pulsing the voltages on the gates. At the end, we propose to use a perpendicular field
to split the two chiral states and use chirality-to-charge (analogous to spin-to-charge

conversion) to perform projective measurement on the state of the coded qubit.

3.3.1 Single coded qubit: preparation and initialization

First, we remark that the chirality operator is insensitive to the overall direction
of spin polarization but just measures the collinearity. Therefore, besides the two
chiral states (coded qubit levels) |gy) in the S, = —1/2 subspace; there exist another
pair of chiral states (not the intended coded qubit levels) with the same eigenvalues
in the S, = 1/2 subspace. This other pair of chiral states are the time-reversal
counterparts of the coded qubit levels. In order to ensure that quantum information
is encoded in the desired pair of chiral states, it is necessary to break the time-
reversal symmetry and separate the two S, subspaces. This can be done by applying

a static uniform in-plane magnetic field B along 3 direction. Fig.[3.3a] presents a
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E/J,,

Figure 3.3: (a). A schematic of a single TQD initialized in S, = —1/2 subspace
under a B, field. The B, field breaks the discrete rotational symmetry. (b). The
energy spectrum of a triangular TQD as a function of w./w}, where w, is the cyclotron
frequency used in LCHO-CI calculation. w} corresponds to a magnetic field B* such
that the gap between computational subspace (the lowest energy level in the plot)
and the rest of spectrum is maximized as indicated by the black arrow.
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schematics of how the applied field used in the calculation is oriented with respect to
the TQD geometry. Fig.[3.3b] shows the energy spectrum (obtained from LCHO-CI
calculation) as a function of the applied field. At zero field, the origin on the axis, the
ground state is four-fold degenerate, with a pair of chiral states from the S, = 1/2
and S, = —1/2 subspace, respectively. The first excited state with S = 3/2 is also
four-fold degenerate at zero field, and is separated from the ground state by J.rs. At
non-zero field, the four-fold degenerate ground state is separated into two branches,

each contains a pair of chiral states with the same S, value.

The application of the in-plane field B also helps to suppress the spin-flipping
process due to interactions with environment. The spin-flipping process will remove
the coded qubit from its computational space (the S, = —1/2 subspace) and allow
the loss of quantum information encoded in the coded qubit. We avoid applying the
magnetic field in the perpendicular direction, because it activates undesirable, higher
order spin-spin interactions [84, 85|, whereas the magnetic field applied in the plane
only modifies the on-site energies of QDs: for a B, field, QDs 1 and 3 energy levels
are Ey3)(B) = Ey3)(0) +1/2w.(R/2)* 4+ guBS,, where R is the spatial separation of
QDs 1 and 3 and w, = eB,/mc is the cyclotron frequency, while the QD 2 energy
level only acquires the Zeeman term. Hence the magnetic field in the z direction
effectively lowers the energy of the QD 2 by AFE, = —1/2w.(R/2)* with respect to

QDs 1 and 3.

We remark there exists an optimal value for the applied field as marked with

*

w¥ in Fig.[3.3b]. The two possible computational spaces corresponding to pairs of

chiral states in S, = £1/2 separate energetically with increasing magnetic field,

87



while one of the spin polarized states decreases in energy. At magnetic field B*, such
that J.;r = 2guB*, the energy gap between the computational subspace (the lowest
branch) and any other levels in the spectrum is maximized and this is the working
point that can maintain the longest coherence time of the coded qubit. In Fig.[3.3b],
the optimal cyclotron frequency w? corresponds to B* = 0.697". However, as discussed
above, the magnetic field effectively biases the QD 2. This removes the degeneracy
of the two qubit levels and rotates them from their zero magnetic field states. The
energy splitting of the two coded qubit levels as a function of applied magnetic field
is shown in Fig.[3.4a]. The splitting is a fraction of the large energy scale J.rs. For
the largest gap, i.e., B = B*, the splitting is A. In order to restore the degeneracy
of the two coded qubit levels, one can apply a voltage to the QD 2. In Fig.[3.4b],
microscopic calculations done using LCHO-CI method show that a positive voltage
bias on the QD 2 can indeed bring the TQD back on resonance in the presence of a B

field. We have now established the coded qubit and the optimal working conditions.

In order to operate the coded qubit, we need to initialize it. We propose to initial-
ize the coded qubit by turning off both interactions Ji5 and Ji3. The only remaining
interaction is between QDs 2 and 3. The ground state of a TQD, |Ly) = |[}1)®
<% (IT2ds) — |¢2T3))>, becomes a product of a spin down state of an electron on
the QD 1 and a singlet state of electrons across QDs 2 and 3. A singlet across
QDs 2 and 3 can be generated in real time starting from two electrons in a biased
QD 3, and then adiabatically transferring one electron to QD 2. Once the state
|Lo) = S1(e™/3|q_) — e7/3|q,)) is generated, we may perform single qubit opera-

V2

tions R"(7/2) with 7 = (v/3/2,1/2,0) to obtain chiral state |¢_). The single qubit
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Figure 3.4: (Color online) (a). The energy spectrum of qubit levels (the zoom in of
the lowest level in Fig. (2b)) as a function of w./w}. The B, field splits the doubly
degenerate ground state, and A corresponds to the gap between the two levels at w
or equivalently at BZ. (b). The energy spectrum of the qubit levels under B as a
function of voltage V5 on QD2, and V7 is the unbiased voltage at resonant condition
when there is no external B field. The splitting of levels under B field can be restored
via gate voltage tuning.
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operation is explained in the following section and we define R"(0) = e~*2

3.3.2 Coherent Operations: single qubit gates

We first discuss single qubit operations. Eq.(3.10) shows that we can electrically
tune an effective in-plane magnetic field to rotate the coded qubit (an effective spin-
1/2 particle). If we take Jij3 = Jog, and let 215 > Ji3 + Jos, then the Heisenberg
Hamiltonian corresponds to a o, operation. If we take Joz > Ji3 and 2J15 = Ji3 +
Jos, then the coded qubit Hamiltonian Eq.(3.10) corresponds to o, operation. The
capability to rotate a qubit with respect to two different axes on a Bloch sphere
allows us to generate arbitrary single qubit operations. In particular, a rotation of
angle # around the z axis on the Bloch sphere can be achieved by the following
Euler rotations: R*(0) = RY(—n/2)R%(0)R?(n/2). For typical GaAs parameters, the
resonant exchange interaction is J ~ 30 pel/, comparable with experiments. It will
thus take ~ 0.1 ns to complete a 27 rotation.

In practice, the tuning of the exchange interaction is done through biasing QDs in
order to modify the on-site energies. As long as the bias condition |AE| << U -V
is satisfied, we expect the quantum state to remain in the qubit subspace during the

process of tuning the exchange interactions as discussed in Ref. [63].

3.3.3 Coherent Operations: double qubit gates

We now turn to discuss two coded qubit operations using both Hubbard and
Heisenberg models. Starting with the Hubbard Hamiltonian, Eq.(3.7), we derive

perturbatively the Heisenberg Hamiltonian for a six-electron complex with a set of
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exchange interactions given by:

4t?
Jig = Jsg = Jo = U—Vv
212 212
Jis=Juys=Jps=Jyg=Jp =
13 23 45 46 b (U—V+V’)+U—V—V”
4t/2
Jog=J, = —0 3.15
” — (3.15)

where all other exchange interactions are turned off. For all the Hubbard parameters
considered in this study, i.e. weak inter-TQD tunneling and strong Coulomb interac-
tion, J, is about two order of magnitudes smaller than J, and J,, mainly due to the
fact that ¢ < t/2.

We treat the inter-TQD exchange interaction, scaled by .J., perturbatively to
derive an effective interaction in the coupled coded qubits subspace, {|qﬁ)|qf),
1) q™), [a=) gy, 1q=)|q®) }, where the superscript L and R stand for left and right

TQD. The effective qubit-qubit Hamiltonian reads
Hooy = Al |(R - 31) (R - Gr) + 2|8/l - &1, + 2|6 - G, (3.16)

where o/ = e 27/3],/9, and B’ = e /3 (~J,/2+ J,/2 + J./27). & and Gr are
the effective Pauli matrices for the left and right coded qubit respectively. The ef-
fective magnetic field, defined by 2|3’'|m, and the direction vectors, n and m, pre-
sented in Eq.(3.16), are determined by the exchange interactions as follows: n =
(VI Rel@)//2lal, /I~ Re(@)]//2171.0) i = (Re(8)/|], Im(8)/15/].0).

Thus, the effective Hamiltonian for two coded qubits is equivalent to a generalized

XY Hamiltonian under a uniform in-plane magnetic field for two spins. With the
current form of the double qubit Hamiltonian, it is not obvious as to what two-qubit

gates can be easily generated. Such a dilemma can be avoided if one rotates the
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effective double qubit Hamiltonian, Eq.(3.16), from the chirality basis to the Jacobi

basis, {|L§)|LE), L)L), | LE)ILE), |LY)| L) }. The rotated Hamiltonian reads
Hapy = aoio, + Boi + Bok, (3.17)

where v = J./9, and 8 = —J,/2+ J,/2 + J./18 . The Jacobi state |Ly) is defined
in Sec.[3.3.1] where we discuss the initialization of the coded qubit. The Jacobi state
12) = VITB| W)ITh) — V/273) 1)|T), where [T9) = & (e, — i) 0) is o
S, = 0 triplet state of electrons on QDs 2 and 3 and |Ty;) = c3,c3; |0) is a S, = —1
triplet state of electrons on QDs 2 and 3. Similarly, |L;) = —1/v2(e*™/3|q_) +
e~2™/3|q,)) can also be written as a linear combination of the coded qubit levels.
Therefore, this rotation of basis only requires single qubit operations applied to each
coded qubit independently; the two Hamiltonians, Eq.(3.16) and Eq.(3.17), are locally
equivalent [86]. In this transformed representation, the effective Ising model gives a
much more intuitive and well-studied dynamics in NMR literature [87]. Now, it be-
comes obvious that one way to proceed is to suppress the effective field 8 in Eq.(3.17)
in order to obtain an exact Ising Hamiltonian used in NMR experiments. The J,.
exchange interaction is responsible for the coupling between two TQDs, and it should
ideally be kept about 2 orders of magnitude smaller than J, and .J, in order for the
perturbative analysis to provide good approximations. The value of J, and J, should
thus be chosen very close to each other in order to bring 8 = J,/2+ J./18 — J,/2 =0
. In summary, each TQD involved in double-qubit operation should be kept in an
almost resonant condition. The small deviation between J, and .J;, is needed to offset
the weak coupling due to J. in order to suppress the effective magnetic field 5 in the

Ising model.
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As Ising interactions can be used to generate the controlled-phase gate [88], we
show how to generate double qubit operations with chirality-based coded qubits. The
following is the sequence of gate operations to simulate the Ising interaction between

chirality-based coded qubits

e~ it =Ry (7 /2) Ry, (7 /6) Ry (7 /2) Ry /6) e~ Foe

Ry (=m/6) Ry (—/2) Rp(—/6) R (—7/2), (3.18)

where R’

Ly (0) = e 3% represents the rotation of the left (L) or right (R) qubit on

its Bloch sphere by angle 6 with respect to j axis. If we set t = 7/« in Eq.(3.18), where

« is defined in Eq.(3.17), then the controlled-phase gate is generated as follows[87],
Uephase = ViR: (=7 /2) Rey(—7/2)e ™ Hora(r/a), (3.19)
Similarly, we can also generate a CNOT gate by the following elementary operations|87]
Upnot = iR (7)2) R(—7/2) Ry (7 /2) e Hara(m/®) RY, (7 /2). (3.20)

The important operation building an entanglement between the two coded qubit
is e~ifl2Lat For both controlled-phase and CNOT gates, the time needed for the
entanglement buildup is given by m/a ~ 1 ps, about 2 orders of magnitude faster
than typical single qubit operations.

By counting the number of operations involved in Eq.(3.18) and Eq.(3.19), it takes
4 and 12 elementary operations to generate a controlled-phase gate with coded qubit
in the Jacobi and chirality basis, respectively. To generate the CNOT gate, it will
take one additional step in both the Jacobi and chirality basis. At this point, we

compare the double qubit operation derived in this section with the original proposal
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put forth by DiVincenzo [25] et. al. In the original proposal, it takes 19 elementary
steps to generate the CNOT gate, and the quantum states will evolve and escape
the qubit subspace for a finite period of time during the operations. In the present
proposal, it will takes 5 steps to generate the CNOT gate in the Jacobi basis, and
the quantum state never escapes the qubit subspace. We compare the results in the
Jacobi basis, because the qubits of a linear spin chain proposed by DiVincenzo et.
al. do not have chirality. This significant reduction in the complexity of generating
non-trivial double qubit operations is due to the weak coupling between the 2 TQDs
in our model. In the case of the original proposal, the coupling strength between 2
coded qubits is as strong as the internal coupling strength between the spins of a
coded qubit (i.e. ¥ = t); such a strong coupling imposes the view of one molecule

with six constituent dots as opposed to two weakly coupled TQDs.

Fig.[3.5] shows results of exact diagonalization of the Hubbard Hamiltonian for
two coupled TQDs as a function of increasing coupling ¢’ between the two molecules.
The inset shows the entire energy spectrum at t'/t = 0.2. The low energy spectrum
consists of four levels, characterized mostly by the two lowest levels of each TQD.
These 4 low-lying energy levels are well separated from the rest of the spectrum and
constitute the two coupled coded qubit subspace. The low-lying spectrum contains a
doubly degenerate level, which is a signature of the Ising model in an external field.
The large gap that separates the two-qubit subspace from the rest of the states in the
Hilbert space is due to the weak coupling between the 2 TQDs. The gap decreases
as the inter-TQD coupling strength increases. The large energy gap is responsible

for the suppression of quantum states escape out of the qubit subspace. In practice,
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Figure 3.5: The four lowest energy levels of 2 coupled triangular TQDs as a function
of inter-TQD tunneling ¢’. The energy spectrum resembles that of the Ising model
with an external field: a doubly degenerate levels corresponding to state | |1) and
| 14) and two unique levels | [}) and | 11). 7" X2” denotes a doubly degenerate level.
Inset: The entire energy spectrum at '/t = 0.2 calculated with LCHO-CI method.
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the inter-TQD exchange interaction, J., should be tuned by modifying the tunneling
parameter ¢'. Fig. (3.5) shows that the Ising energy spectrum is maintained over
a wide range of values of ¢/, and hence the Ising model Hamiltonian describes the

coupling of two coded qubits very well.

3.3.4 Measurement of a single coded qubit

Next, we discuss the measurement of a coded qubit. Several proposals [83, 89, 64]
have already discussed various methods of detecting chirality of a triangular (three-

body) antiferromagnetic cluster.

For our specific proposal, we would like to draw analogy to the single-shot readout
of an electron spin in a single QD as presented in Ref. [90]. This scheme of detecting
an electron spin is based on spin-to-charge conversion. In the presence of an applied
magnetic field, the Zeeman effect splits the two spin states of an electron. Further-
more, the QD potential is tuned in such a way that an electron escapes the dot if it
is in the high-energy spin state or it remains in the dot if it is in the low-energy spin
state. By coupling a quantum point contact (QPC) next to the dot and measuring
the amount of current passing through the QPC, one may determine the number of
electrons trapped in the dot. Thus, if the electron escapes the dot, we know it was
in a high-energy spin state or vice versa. This simple proposal can be generalized by
noticing that all we need are two levels with different energy, such as the two spin
states of a single electron in a magnetic field or the two chiral states of a three-electron

complex in presence of an external field.

We propose to apply an additional perpendicular field B, as part of the measure-
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ment procedure. Under B, the chiral states split in exact analogy to the Zeeman
splitting of a spin 1/2 as discussed briefly in the Chapter [2], and further details
maybe found in Ref. [85] and [57]. With a suitable energy spacing between the two
chiral states, we may tune the TQD potential in such a way that an electron may
escape the system if it is in a high-energy chiral state. Thus, any fluctuation of QPC
charge measurement on the TQD help to determine which chiral state the system is
in.

Experimentally, we would like to refer to extensive works [91, 92, 42] performed to
characterize the tunability as well as stability of TQD devices. More recently, Laird
et. al. [93] also demonstrated experimentally the initialization, coherent exchange
and readout of a coded qubit based on a linear half-filled TQD by adopting a specific
pulsing technique [94] that was first exploited to demonstrate coherent exchange and
readout in a double dot system. For Laird’s experiments, the Jacobi coded qubit
basis is used and the measurement of the qubit is done by measuring the total spin
of the electrons in QD 2 and QD 3 for instance. As have already shown in Sec.[3.3.1]
and Sec.[3.3.3], the Jacobi states, |Lo(1)) have either a singlet or a triplet state across

QD 2 and QD 3.

3.4 Decoherence due to Fluctuating Charged Im-
purities

In this section, we discuss the effects of fluctuating charged impurities, which

were observed in the experiment [95] with GaAs quantum dots. In Ref.[95], the
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origin of the fluctuating charged impurity is proposed. In their model, a charged
impurity appears when, in a leakage current, electrons tunnel through the Schottky
barrier under the gates into the conduction band and become trapped near the active
region of the device. The charged impurity disappears when the trapped electron
escapes. Since the underlying physics of the trapping and release of charged impurity
is complicated, we will just model the dynamics of the charged impurities according
to the experimental results in Ref.[95]. In our model, the appearance and position
of a charged impurity and the time interval between its successive appearances are
random events generated with a uniformly distributed random generator.

The electrical noise due to the fluctuating charged impurity is believed to lead to
severe decoherence to a charge qubit in a multi-dot device. Since the coded qubit
levels depend on not only the spin properties of the three-electron complex but also
the orbital degrees of freedom, it is a necessity to evaluate how strongly the electrical

noise due to a charged impurity couples to the coded qubit and induces decoherence.

3.4.1 Triple Quantum Dot Molecule with Charged Impurity

In order to analyze the effects of a charged impurity, we return to Eq.(3.1) and
add the Coulomb interaction between a charged impurity and the electrons in the

TQD,

. ) ) 2 2

Hy, =Y (—V? + VTQD(m)> Y ot Y (3.21)
i i<j 75 = 73] 71T — Rl

where Eimp = (Rimp, Oimp» Zimp) 1s the position of the impurity in cylindrical coordi-

nates.
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In second quantized form, where indices ¢, 7, k, [ denotes the single-particle molec-
ular orbitals, the N, Hamiltonian, Eq.(3.21), reads:

iy, = 305 dio + 5 S GV iy + 3 Vi) i, (3.22)

jo Zyjﬁl’ ]

where the last sum represents the interaction (i|Vim|j) between electron and the
positively charged impurity. The effect of the charged impurity, the last term in
(3.22), is to break the discrete rotational symmetry associated with the fully resonant
triangular triple dot, and mix the electronic configurations belonging to different total
quasi-momentum K;.

Next, we re-derive the Hubbard model parameters F; and ¢;;, which incorporate

the effect of the charged impurity in Eq.(3.22). The modified parameters read,

E; =B + (1| Vimp| 63) + 2500 Vimapl &) + (1| Virp| 01)) (3.23a)
+ g2(<¢]|f/;mp|¢]> + <¢k|‘7zmp|¢k> + 2<¢]|‘7zmp|¢k>)
ti; =t0 + (Dil Vimp|05) + 5((0il Vimp| 03) + (93| Vil 65) + (01 Vi |Se) + (85| Vinp| D))

+ 32Dk Vimp|Or) + (D1l Vienp| 05 + (03] Vimpldr) + (05 Vi D)), (3.23b)

where Vi, = ZUJ(Z‘HA/mpU)d;de is the last term in Eq.(3.22). E} and t); are
the original Hubbard parameters derived in Eq.(3.6a) in the absence of a charged
impurity. We remark that Coulomb repulsion parameters U and V' are not modified
in the present case.

Since the exchange interaction J;; in the Heisenberg model acts as an effective
magnetic field in the computational subspace of the coded qubit, the charged impurity

acts as an additional magnetic field through the functional dependence of J;; on the
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on-site energies and the tunnel couplings. Due to fluctuations of the charged impurity,
the dynamics of a coded qubit is translated into a problem of effective spin evolving

in the presence of a random magnetic field.

3.4.2 Effects of Impurity on the One-Electron Energy Spec-

trum

We now analyze the effect of a charged impurity, the last term in Eq.(3.21), on the
one-electron energy spectrum. We only consider an impurity at positions far away
for the problem to be treated perturbatively. This assumption is not too restrictive
as Ref.[95] suggests that the application of an overall positive voltage to the top gate,
the heterostructure can significantly reduce the telegraph noise.

After some algebra, the one electron Hamiltonian, written in the basis of molecular

states {|ki'O) | [k{TO), [KO)}, reads

)+ C& (Eimp + 2timp) gf(g\Eimp — Oimp) fﬁ’(fﬁimp — Olipmp)”

Hia = 0 (6 E sy — Otimp)* ey + O (Eimp — Limp) 0 (5 E i + 20t i)
gf(@imp — gtimp) ff(@imp + 25~timp>* e, + CY (Eimp — timp)
(3.24)

The terms in the diagonal, ggn, n =0,—1,1, give the energy of the molecular ground
state |k{'7) and two degenerate excited states |[k70), |kZP) respectively. All remaining
terms correspond to impurity effects. Here Eimp = % Z?Zl E;-mp is the average shift of

the energy levels due to impurity, with E;mp = (6| Vimpl®;)- Timp = 3 S0 i=1 tZ-np i
j is the average shift of the tunneling matrix elements due to impurity, with ;;" =

(0i|Vimpl&7). 0 Eimp = %E?Zl 5E;mpei2?ﬂ(j’1) is related to a shift in quantum dot
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energy measured from the average shift due to impurity , 6E"™ = E/"™ — Ej,,, and

Stimp = %(&g’;’” + 0P 4 §¢PeiS) depends on the deviation of each tunneling

matrix element from their average ot;;" = tﬁ;"p —timp, 1 7# j. Coefficients C§Y = (1+—125)7

o = m and C97 = ﬁ with s = (¢s|¢;),7 # j account for the non-
orthogonality of the HO basis.

Next, we analyze the effects of the charged impurity on the single-particle Hamilto-
nian matrix, Eq.(3.24), step by step. In Fig.[3.6], from left to right, the single-particle
energy spectra are calculated with inclusion of more types of impurity-dependent
terms in the matrix, Eq.(3.24). For this figure, the charged impurity is assigned the
following coordinates: Ry, = 3Rrop, Oimp = 7/3 and Zj,, = 4Rrgp. We start on
the left of Fig.[3.6] with the one electron spectrum in the absence of impurity. In the
second column, we include the effect, Ej,,, of impurity on on-site energies for the
exact diagonalization of the matrix. In the third column, we also turn on the effect,
timp, of impurity on inter-dot tunneling. We see that these effects of impurity are to
lower the energy of all levels proportional to the average impurity shift, Ej,,, and
increase the energy gap between ground and excited states by three times the average
impurity induced tunneling matrix element , 3¢;,,. In our numerical example this
shift is small due to the small overlaps between localized orbitals (s = 2.64 - 1073).
Next we consider the coupling of states [k7°) and |k#C) by including 6 Ej,, and
(5~timp within the 2 by 2 sub-matrix in the fourth column of Fig. 3.6. The energy
gap is given by Ael,, = 2|C’10f(5AEimp + Z&impﬂ. Due to the small overlaps , i.e.,

mp —3 imp . . .
ot;; " ~ 10770 E;", the energy gap created by impurity can be approximated by

e - 2 im Eimp + Eimp 3 im im
Aefhp ~ 2|0 By = g\/(El P — %)2 + Z(Eg P — E")? (3.25)
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Figure 3.6: Evolution of the energy levels of one electron in a triple quantum dot
in the presence of a charged impurity as function of interaction type. See text for
details. The “x2” denotes a doubly degenerate level.

If we neglect the coupling of the excited states to the |k}©

) state which is lower in
energy, we conclude that the energy gap caused by the impurity is proportional to

the differences between the impurity-dependent on-site shifts £/ = (¢;| —=2— 3 R |¢Z>

Making a Taylor series expansion and keeping only the first term, we find that the

imp ., -2

ﬁ, where Rz is
z7np

energy shift due to the impurity potential of dot 7 is E
the position of the center of dot 7. Therefore the energy gap created by the impurity
is proportional to the differences between the values of the impurity potential at the

center of each dot. In the last column, we simply perform exact diagonalization of

Eq.(3.24), which includes all types of interactions.

Fig.[3.7] shows the single-particle spectra of the TQD as a function of impurity

positions calculated by exact diagonalization of Eq.(3.21) with N, = 1. The spectra
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show the splitting of the doubly degenerate levels, its dependence on the distance
of the impurity from the TQD, and on the position with respect to symmetry axis
of the TQD. The charged impurity modifies the one electron spectra through direct
Coulomb interaction, which mixes states |k79) and |kZP) and re-distributes charge
density on the dots, as a function of charged impurity positions. Hence, results from
Fig.[3.7] indicate that any quantum information processing schemes trying to utilize
the electron’s charge degree of freedom [23, 62] will have to consider the decoherence

channel induced by the charge fluctuations.

3.4.3 Effects of an Impurity on the Coded Qubit Levels

We first diagonalize the three-electron Hamiltonian, Eq. (3.21), in the presence
of impurity in the basis of {|K™)} presented in Sec.[3.2.1]. The impurity matrix
elements in this basis are calculated as a linear combination of the impurity matrix
elements in the basis of configurations {|K?)}:

KT Vipl K = 373 A AT (RP (V| K9, (3.26)

p gq=1

with

n=—1m=-1 o

11
(K2 | Vip | K) = (<O|dkp3Tdkp2Tdkpl¢) (Z Z Zv’i?;pdz"adkmg> <dzqudzqmdzq3¢|o>> ’
which is zero unless configurations |K?) and |K?) differ at most by one of the spin-
orbitals. AL™ are the coefficients of the three-electron eigenfunctions {|K7")} written
in terms of the configurations {|K?)} and V7 = (kn|%|k‘m> are the single-

particle impurity-dependent matrix elements. As shown, the impurity-induced effect

on the three-electron complex is to scatter a state ’f({”> out of the K; subspace.
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Figure 3.7: Energy spectrum of one electron in a TQD in the presence of an impurity
located in the plane Z;,,, = 4Rrop as a function of R;,,, and 0;,,. Rinp is given in
units of Rrgp. Oimp is measured from the symmetry axis that goes through the center
of a quantum dot. The zero energy is set to the ground state level of the resonant

TQD.
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Fig.[3.8a, b] shows the splitting of low-energy levels (black lines) of a coded qubit
obtained by the diagonalization of the full Hamiltonian for various distances between
the TQD and the charged impurity. We remark that the coded qubit levels are not
split when the radius R;,, = 0 as shown in the left corner of Fig.[3.8a]. When
Rimp = 0, the charged impurity sits on the symmetry axis of the TQD, the coded
qubit is decoupled from the charged impurity. This is one unique feature of the
Decoherence Free Subspace.

The full Hamiltonian containing all doubly and singly occupied configurations can
be approximated by the 2 by 2 Hamiltonian in the computation subspace (two lowest
states in the S, = —1/2 subspace) with basis vectors |K7) and |K!,) . The spectra
obtained by diagonalizing this approximate 2 by 2 Hamiltonian, shown as red lines
in Fig.[3.8a,b], agree well with results of the full calculations.

Let us now analyze the effects of a charged impurity on the coded qubit described
by the Heisenberg model. We recall that there are three eigenstates |g4) (the coded
qubit levels) and |g) in the Heisenberg model of three localized spins. After some
algebra, the Heisenberg Hamiltonian incorporating the effects of the charged impurity

in the basis of |g;) reads

—3/4J,,  3/2AF 0

H;=1| 3/2A -3/4J,, O ; (3.27)
0 0 3/4J 4
27 c4m
— JiztJiz+Jo _ Jaz+e'3 Jiote'3 Jy :
where J,, = % , A = Jte ? 3 te 2513 and the exchange couplings are

positive. The upper 2 by 2 sub-matrix spanned by the coded qubit levels |g.) is

decoupled from the spin-3/2 state |qo).
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In the Heisenberg model, the charged impurity-induced energy gap between the

coded qubit levels is given by:

Jig + J 3
%)2 5 (a2 = ). (3.28)

Aeghp = 3|Al = \/(J23 -

We see that the energy gap in the three electron TQD created by the impurity
depends on differences in J;;, which depend on (¢;;)? and AE;; through Eq.(3.11). For
a resonant TQD, we set the exchange constants J;; = Jy in the absence of charged
impurity. In the presence of the charged impurity, neglecting the dependence of the
tunneling matrix elements on the impurity potential allows us to express the gap in

the coded qubit spectrum in terms of the exchange constant J; in the absence of

impurity, and (AE;;/U)*

Akt = oy (ABn /vy - BERU L BB/UP  S((Ap e (AR 07

(3.29)

We see that while the splitting of the single-particle spectrum is proportional to
differences of single-particle energies AE;;, the splitting of coded qubit levels is pro-
portional to differences in (AE;;/U)?. Since AE;; << U , the energy gap created by
the impurity in the three electron spectrum is several orders of magnitude smaller
than the gap created in the one-electron spectrum. The effect of charged impurity is
to modify the spin distribution of the half-filled TQD through much weaker exchange

interactions.
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3.4.4 Mapping of Charge Fluctuation Induced Decoherence

into Spin in a Random Magnetic Field Problem

We first derive the magnitudes and direction of the effective magnetic field directly
from the microscopic model. We represent the Hamiltonian, Eq.(3.22), in the basis of
eigenvectors in the absence of charged impurity. We only take the 2 by 2 sub-matrix

spanned by the levels )K 11(71)> and the Hamiltonian reads,
Fyaubit _ Biffax + Bszay, (3.30)

where the impurity-induced effective magnetic field B¢l does not have a z compo-
nent. The in-plane components are given by B/ = Re(K}|Vi,y|K',) and BT =
—Im(K} |Vimp| K*,). The effective field flips the spin and leads to dephasing of the
coded qubit. By now, we have successfully mapped the charged impurity induced
decoherence problem to a problem of dephasing of a spin by a random magnetic field
(96, 97, 98]. We have shown how to compute this effective field once the fluctuating
impurity is identified.

We now describe the charge fluctuations in greater detail. We simulate the fluctua-
tions of the charged impurity, and map the sequence of charged impurity appearances
into a problem of spin in the presence of a random magnetic field. The fluctuation
of the field is modeled in a way fitting to the experimental conditions in Ref. [95].
First, the magnetic field fluctuates in an abrupt and instantaneous fashion. Between
transitions, the effective field is held constant in both direction and magnitude. The
changes in both the directions and the magnitudes are assumed to have no correla-

tions between the transitions, thus a Markovian approximation is made. Furthermore,
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the time period between successive transitions is much longer than the time scale for
the inherent dynamics of the coded qubit. Under these conditions, the effects of the
fluctuating random magnetic field are similar to the ensemble average of different

initial conditions of the random field as discussed in Ref. [99].

We now turn to estimate 77, the shortest time scale for decoherence, of the coded
qubit due to the fluctuating in-plane magnetic field [96, 97]. Following Ref. [95],
we expect each charged impurity to last ~ 1.0s, with quiet interval of 0.2s between
successive appearances, on average. These experimental findings suggest that there is
a significant mismatch between charged impurity fluctuating time scale and inherent
coded qubit dynamics time scale, which is characterized by A€l ,/h = O(us). Hence
we only need simulate the time evolution of the coded qubit in the presence of a single
charged impurity. First, we initialize a coded qubit at ¢t = 0 in state |0). Next, we
randomly select the position of the impurity, its switch-on time 7™, the moment
the charged impurity is turned on with respect to t = 0, and the lifetime 7. We
then simulate the time evolution of the coded qubit up to a certain time ¢*. This
constitutes one complete numerical experiment. We repeat the same procedures N
times; each time we initialize the coded qubit in exactly the same state but let it
evolve in the presence of a different charged impurity. The averaged time evolution,

based on these N numerical experiments, of the off-diagonal density matrix elements

of the coded qubit suffers exponential decay, which is characterized by T5'.

Fig.[3.9a] shows the positions of N=200 randomly generated charged impurities
used in this study. For each of these 200 charged impurities, we perform a LCHO-CI

calculation to obtain the effective magnetic field as explained before. Fig.[3.9b] shows
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the distribution of effective magnetic fields. Next, we specify the fluctuating aspects
of the effective magnetic field by assigning the lifetime Tf " and switch-on time ﬂimp
to the i — th charged impurity. The random generation of 7;"* and T, is done with
the mean value of the uniform distributions equal to 1.0s and 0.2s as extracted from
Ref. [95].

At this stage, we have completely specified the fluctuating magnetic field due to
charged impurities. We next solve the Bloch equation of the coded qubit separately

for each experiment,

ds;
dt

= 7S; x (B (t) 4 B, (3.31)

where S, = p1a + pa1, Sy = i(p12 — pa1), and S, = pay — p11 , pij are density matrix
elements of the coded qubit, BY™(t) is the effective magnetic field due to the i —
th impurity, B¢* denotes the effective external magnetic field, and ~ is effective
gyromagnetic ratio of the coded qubit inferred from ~|B”™(t)|h = AeX}p. Let us
follow through the entire computational procedure for one particular impurity. In
Fig.[ 3.9a] and Fig.[3.9b], a circle is drawn respectively around the charged impurity
position no. 5 and the associated effective magnetic field derived from LCHO-CI
calculation. Fig.[3.9¢] shows the fluctuation of BY™, which is turned on at 72" and
lasts for 7.™". Fig.[3.9d] shows the time evolution of Bloch vector component S,(t) for
the coded qubit in the presence of B + By, and B! = (B"?) = 3. BI""(t)/N.
As shown in the figure, the coded qubit always undergoes coherent time evolution
even in the presence of charge fluctuations. The dephasing of Bloch vector, similar to
inhomogeneous broadening effects in NMR characterized by 73, only emerges from

averaging the time evolutions of the coded qubit over N impurities, i.e. < S(t) >=
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Figure 3.9: Top Left: The x and y coordinates of 200 charged impurities randomly
generated in a rectangular box restricted in x, y, and z dimensions from -5 Rpgp to
5 Rrgp, from -5 Rrgp to 5 Rrgp, and from 4 Rrop to 8 Rrgp respectively. The
blue circle of radius 1 Rrgp around the origin outlines the size of the TQD device
while the center of the TQD is located at the origin. The circled impurity is used
in experiment no. 5. Top Right: The magnitudes of effective magnetic fields due to
200 charged impurities in the ensemble. The circled effective magnetic field is used
in experiment no. 5. Lower Left: The fluctuation of the effective magnetic field
in experiment no. 5 is specified by 7;", the time it is switched on, and 75", its
lifetime. Lower Right: The simulated time evolution of Bloch vector x component,
S, (t), in effective magnetic field B#** + Bémp , for experiment no. 5. In this study, we
set B! =< B >,
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>-:Si(t)/N suffers exponential decay.

To estimate T, we fit < S(t) > with the effective Bloch equation with parameter
T3,
dseff
dt

Se
= ’yseff X Be$t — %, (332)
2

where S. ¢ denotes the effective Bloch vector, S, 1 denotes the effective Bloch vector
components in perpendicular direction to the externally applied field. Fig.[3.10] shows
the simulated and fitted result of < S,(t) > in the presence of external field with
magnitude equal to the mean value of charged impurity induced effective magnetic
field in the ensemble, B®' =< B > . The extracted result is Ty = 0.2s . This
value of Ty is a function of < T > < 7™ > and averaged distance of the charged
impurity from the TQD. We find that T; is dominated by < T >. If impurities
appear and disappear continuously and we consider an ensemble of coded qubits, each
initialized in a different and static in-plane magnetic field, then 735 is on the order
of tens of microseconds. These times are much longer than the reported dephasing

times of electron spins due to nuclear spins [94]

3.4.5 Conclusion

In the first part of the chapter, we present a theory of quantum circuits based on
qubits encoded in chirality of electron spin complexes in gated lateral semiconductor
TQDMs with one electron spin in each dot. Using microscopic Hamiltonian in LCHO-
CI formalism and exact diagonalization techniques we show there exists an optimized,
in-plane B* field that one should use to define the optimal computational space. We

have shown how to perform specific single qubit operations around the x, y, and z
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Figure 3.10: The oscillating blue curves represents the simulated time evolution of the
averaged Bloch vector x component, < S, (t) >. The red curve shows the envelope of
the decaying oscillation for the effective Bloch vector x component, Sy .(t).

axes as well as initialization and readout of coded qubits. An effective interaction for
two coded qubits has been derived and nontrivial double qubit operations, CNOT and
controlled phase gates, demonstrated. The understanding of the coupling between 2
coded qubits is significantly improved with the successful mapping of the microscopic
Hamiltonian for 6 QDs to 2 effective spins.

In the second part, we study decoherence of a coded qubit by a fluctuating charged
impurity. The electrical noise due to the fluctuating charged impurity is shown to
severely affect a charged qubit in a multi-dot device. However, the effect on a coded
qubit is significantly suppressed. This can be understood from the analysis of the
interaction between these two different qubits with the charged impurity. In the case
of charged qubit, the system-environment interaction scaled as the direct Coulomb

interaction; whereas in the case of coded qubits, the system-environment interaction is
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proportional to the exchange interaction within the coded qubit. From our numerical
study, the coded qubit has a long coherence time and is robust against this particular

channel of decoherence.
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Chapter 4

Macroscopic Quantum States in a

Chain of Linear TQDs

In this chapter, we show how nanostructuring of a metallic gate of a field-effect
transistor (FET) converts the electron channel of a FET to an artificial Haldane
chain with a gap in the energy spectrum. A specially designed gate structure creates
a chain of triple quantum dot molecules. The electrons localized in the molecules
realize a spin-half Heisenberg chain with spin-spin interactions alternating between
ferromagnetic and anti-ferromagnetic. The quantum state of a FET is a semiconduc-
tor implementation of an integer spin-one antiferromagnetic Heisenberg chain with

a unique correlated ground state and a finite energy gap, originally conjectured by

Haldane.
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4.1 Introduction

Haldane predicted that a spin-one antiferromagnetic Heisenberg chain has a unique
ground state with a finite gap [100]. Affleck et al. obtained an exact analytical solu-
tion of the ground state with a finite gap in an isotropic spin-one chain with a special
biquadratic interaction [101] and suggested that the ground state of the Heisenberg
spin-one chain has the valence-bond-solid state character [102]. These predictions
were subsequently confirmed by numerical calculations [103, 104, 105, 106] and ex-
perimental studies [107, 108, 109] in quasi-one-dimensional complex compounds. In
this work, we propose a way of realizing an effective spin-one chain in a system of
lateral gated quantum dots (QD) in a field effect transistor (FET) semiconductor
structure. In a double quantum dot molecule, the ground state of the two-electron
system is always spin singlet without an external magnetic field. Therefore, the ef-
fective spin-spin interaction between two electrons localized in respective quantum
dots is always antiferromagnetic. In Chapter [2] and Ref. [110], it was shown that
the spin-spin interaction can be tuned, both in magnitude and sign, by bringing an-
other quantum dot that contains two electrons to make a triple quantum dot (TQD)
molecule with 4 electrons or 2 holes. The presence of the doubly-occupied dot enables
us to generate a triplet ground state due to the tunnelling between QQDs. When all
three dots are on resonance, a triple quantum dot system in triangular geometry with
four electrons has a spin triplet ground state. As we lower the energy level of one
of the dots, this dot will have two electrons and the other two dots will have single
electron each. If the energy level of the doubly occupied dot is well below the energy

levels of the other two dots, the system is similar to a double quantum dot with
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spin singlet ground state. Therefore, there is a critical value of the bias that changes
the ground state between spin singlet and spin triplet. Near the critical value, the
effective interaction between the two localized electrons in the singly occupied dots
can be tuned by the bias, both in magnitude and sign. When tuned to be in triplet
ground state with total spin S=1, the TQD molecule can be used as a building block

of a spin-one Heisenberg chain system.

4.2 Theory and methods

The architecture of the proposed linear chain of TQD molecules in a semiconductor
device is shown in Fig.[4.1a]. By patterning the top metallic gate in a typical metal-
oxide-semiconductor field-effect-transistor (MOSFET) device, one can create local
potential minima in the two-dimensional electron gas (2DEG) and each potential
minimum represents a quantum dot. Progress in the experimental technique allows
precise control of the potential profile of the 2DEG and the number of electrons
in each QD [40, 94, 61, 91, 42]. For individual control of each QD, many plunger
gates will be needed and the gate pattern would be more complicated than shown in
Fig.[4.1a]. Each TQD molecule consists of three quantum dots of which one contains
two electrons and the other two dots contain single electron (see Fig.[4.1b]). The
doubly occupied dots in neighbouring TQD molecules are in the opposite position to
minimize the effects of the Coulomb interaction of those dots.

The physics of a quantum dot network is well described by the Hubbard model
[36, 57]. For simplicity, we will assume that the on-site Coulomb repulsion U is

the same for all QDs, the Coulomb interaction between two electrons in different
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source gate drain

Figure 4.1: Schematic picture of the triple quantum dot chain on a semiconductor
device. (a) The triple quantum dot chain is defined by a top gate, with a pattern
of holes to create potential minima in the two-dimensional electron gas in the active
region below. (b) For the realization of an effective spin-one chain, each dot on the
linear chain contains a single electron and the other dots on the top and bottom
contain two electrons.
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dots in the same molecule is V', and two electrons in different molecules interact
via Coulomb interaction V' only when they are in neighbouring QDs. The intra-
molecular tunnelling is ¢, and the inter-molecular tunnelling ¢’ is only allowed between
two neighbouring dots. In an isolated TQD molecule, we can occupy one of the dots
with two electrons and the other two dots with a single electron each by lowering the
potential energy of the doubly occupied dot.

In the present TQD chain system, the inter-molecular Coulomb interaction V'
effectively raises the energy levels of the singly occupied dots compared to the doubly
occupied dots. By controlling V' the ground state of a TQD molecule can be changed
from singlet to triplet. The only exceptions are two end dots which have no neigh-
bouring molecules. Thus we assume that the energy levels of the two end dots are
raised by V' by external gates. In second quantized form, the Hubbard Hamiltonian
with a single level per site is given by

Huupbarda = Z €z'CzT~JCw + Z Z tv;jCZTUCja

io i#j o
+ 3 " Uiy, + % > Vi
i i#j

= Hy+ Hr + Hy + Hy (4.1)
where i, j are indices for QD sites, o =7, is the spin, n;, = cjacw is the number of
electrons with spin ¢ in QD 4, and n; = f;4 + 7, is the total number of electrons in
QD . t;; =t and V;; =V for ¢ and j in the same molecule and ¢;; = t' and V;; = V'
if 2 and j are in different molecules but neighbouring each other. All the other V;;
and ¢;; are zero. The QD energy level is ¢; = ¢ for all 7 except for the first and last

QDs where ¢; = g9 + V. Most of the parameters are highly tunable but, in typical
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devices, the strong Coulomb repulsion is much larger than tunnelling between dots.
In those cases, the number of electrons in each dot is well defined and the tunnelling
Hamiltonian Hp gives rise to effective interactions between well localized electrons. In
following numerical examples we use ¢g = 0, U=2.0, V=0.5, V'=0.2, t=-0.05 and t'=-
0.02 in units of the effective Rydberg defined by Ry = m}e?/2¢h*. m} is the electron
effective mass, e is the electron charge and e is the dielectric constant. For GaAs, for
example, Ry is about 6meV. These parameters are based on the first experimental
realization of a lateral TQD molecule device [91] and the theoretical model for the
charging diagram of the device [36]. The sign of the tunnelling elements ¢ and ' can
be determined by comparing the Hubbard model and the more microscopic linear-

combination-of-harmonic-oscillator (LCHO) model [36, 57.

For a system with a charge configuration as shown in Fig.[4.2a], we can obtain
an effective Hamiltonian corresponding to a Heisenberg Hamiltonian of a chain of
localized electron spins (Fig.[4.2b]) by treating the tunnelling Hamiltonian Hy as
a perturbation for the parameter range [t],|t'| < V,V’ <« U [110]. The resulting
spin-half chain has alternating ferromagnetic and antiferromagnetic interactions as
envisaged in the works of, e.g., Hida [111] and Hung and Gong [112]. We derive up
to the third order (with respect to the tunnel couplings) in the perturbative analysis

of the effective Hamiltonian, which reads

Ny Ny—1

Heff = Ey+J Z S3m—2 * Szm + J' Z S3m * S3m+1 (4.2)
m=1 m=1
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Figure 4.2: Different models for the chain of triple quantum dot molecules. (a) In
Hubbard model, each dot has a single level and they are connected by the tunnelling
and Coulomb interaction. (b) When the Coulomb interaction is strong and the tun-
nelling can be considered as a perturbation, the singly occupied dots are represented
with localized spins with alternating spin-spin interaction. (c¢) If the intra-molecular
ferromagnetic interaction J is much stronger than the inter-molecular antiferromag-
netic interaction .J’, each molecule is in spin triplet state and the system can be
considered as a spin-one antiferromagnetic Heisenberg chain.
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where

2PNy [Ny [FR(Na = 1) [tNy

v U—-v Uu—v: ve o (4.3)
a4
J = o v (4.4)
4 t/ 2
ro= A (45)

m is the index for TQD molecules and Nj; is the number of TQD molecules in
the chain. The intra-molecular spin-spin interaction J consists of two terms. The
first term 4[¢|?/(U — V) is the usual antiferromagnetic (positive sign) superexchange
term. The second term —4[t|*/V"? is ferromagnetic (negative sign) term which comes
from third order processes involving the doubly occupied dot. The third order process
connects (1,]) and (|, 1) configurations of the singly occupied dots. It consists of three
tunneling events of which two changes the sign of the state, leaving the overall sign
unchanged. Thus the third order off-diagonal terms are proportional to t3 = —|t]3.
This leads to effective ferromagnetic interaction between two localized spins. This
third order term is comparable to the second order superexchange term in magnitude
for V' <« (U — V), and for small enough V' the overall interaction J can be either
ferromagnetic or antiferromagnetic depending on the values of the parameters. Near
the critical value of V/ where J = 0, each molecule has one doubly occupied dot
and two singly occupied dots, and the effective spin-spin interaction between the two
localized spins changes between ferromagnetic and antiferromagnetic. The critical

value of V' can be obtained by solving J = 0:

VIi=VtjU-V). (4.6)
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We need to tune V' to be smaller than V, for ferromagnetic intra-molecular interac-
tion, and larger than V! for antiferromagnetic interaction. On the other hand, the
inter-molecular spin-spin interaction between two neighbouring electrons is always
antiferromagnetic due to the superexchange. This effective spin-half chain Hamilto-
nian gives a clearer picture of the system and describes the low energy physics as will
be shown below. Another important advantage of this effective Hamiltonian is that it
reduces the dimension of the Hilbert space significantly and allows us to study much
longer chains by exactly solving the associated eigenvalue problem. The solution of
the full Hubbard Hamiltonian is numerically demanding for chains with more than 5

molecules since the dimension of the Hilbert space rapidly exceeds 10°.

4.3 Results and discussion

Fig.[4.3] shows the lowest eigenvalues of the Hubbard model (green triangles)
and the effective spin-half chain model (red circles) for a chain of up to 5 molecules
using Jacobi-Davidson method implemented in the PRIMME library [113]. Each
eigenstate is labeled by the total spin S. The values of J = —5.83 x 1072 and J' =
8.89 x 107* used in Eq. (4.2) are obtained from parameters of the microscopic model
using Eqgs. (4.4) and (4.5). It is clear that the effective spin-half chain Hamiltonian
describes the low energy levels of the Hubbard model quite well, reproducing the
main features such as (i) the spin singlet (S = 0) ground state for an even number of
molecules and spin triplet (S = 1) ground state for an odd number of molecules, (ii)
the decrease of the gap between spin singlet and spin triplet states with the number

of molecules, and (iii) appearance of the Haldane gap between the ground state and

123



| |
0.8 °2 o1
- 24 14
. 06r ol
2 o] lae1
=~ T 1a°2 1402 ®0
0.4 2 oA OA.1
o 342
T
~ 02 1a®1 L e0
I 1ae1 0a®0
O 1ae1 Ose0 1a01 Oae0 1401
| | | | |
1 2 3 - 5
NM

Figure 4.3: Comparison of Hubbard model and spin-half chain model. The effective
Hamiltonian of spin-half chain with alternating spin-spin interaction describes the
low energy states of the full Hubbard Hamiltonian very well both qualitatively and
quantitatively. Green triangles are the lowest eigenstates of the Hubbard Hamilto-
nian and red circles are the eigenstates of the effective spin-half chain Hamiltonian.
The numbers adjacent to the triangles and circles represent the total spin of each

eigenstates. The result is shown for TQD chains with up to 5 molecules.
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spin quintuplet (S = 2) excited states. In the limiting case of J/J — —oo, i.e.,
if the intra-molecular ferromagnetic interaction is extremely strong compared to the
inter-molecular antiferromagnetic interaction, each molecule will be in a triplet state
and the system will be a chain of spin-one dimers (Fig.[4.2c]). Thus the ground state
will be separated from excited states by the Haldane gap as the length of the chain
increases. Even for modest values of .J/.J', the system will have a robust ground state

with a finite energy gap.

Fig.[4.4] shows the formation of Haldane gap as function of increasing number Ny,
of triple quantum dot molecules described by the Heisenberg Hamiltonian, Eq. (4.2).
The Haldane gap for Ny, up to 5 molecules is also shown in Fig.[4.3]. Note that
the energies in Fig.[4.3] and Fig.[4.4] are scaled with respect to the inter-molecular
antiferromagnetic interaction .J’ of the spin-half chain. The results for the spin S =
1/2 finite chain are compared with results for the spin S = 1 chain in Fig.[4.4].
The antiferromagnetic interaction JSI; in the spin-one chain was chosen to be 1/4 of
the inter-molecular antiferromagnetic interaction J’ of the spin-half chain, because
the interaction is only between two neighbouring spins in the spin-half chain [112].
Main panel of Fig.[4.4] shows the energy eigenvalues of S = 2 excited state with
respect to the ground state and the inset shows the energy difference between S =1
and S = 0 states. The triplet-singlet gap oscillates around zero since the ground
state is spin singlet(triplet) for even(odd) number of molecules, and it goes to zero
as the number of molecules increases. For long chains, the ground state is four-
fold degenerate (S = 0,1) and there is a finite gap between the ground state and

the first excited state (S = 2). The four-fold degeneracy can be manipulated and
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Figure 4.4: Comparison between spin-half chain and spin-one chain. The main panel
shows the energy gap between spin-quintuplet(S=2) and ground state, in unit of
the effective antiferromagnetic interaction J' of the spin-half chain. The energy gap
reaches a finite value at infinite chain, which is the Haldane gap. Spin-half chain has
a larger energy gap than the spin-one chain. The inset shows the spin-triplet (S=1)
and spin-singlet (S=0) energy gap. Both spin-half alternating chain and spin-one
chain show oscillating spin singlet and spin triplet ground state and the energy gap
between spin singlet and triplet states decreases as the length of the chain increases
and goes to zero for infinite chain.
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removed by adding additional QDs with localized spin 1/2 electrons at both ends
[104]. The Haldane gap is 0.41J1&1} for an infinitely long spin-one chain [104, 105],
and the energy gap of an infinite spin-half chain depends on both the ferromagnetic
and antiferromagnetic interactions J and J’ [111]. For J/J' — —oo, the effective
antiferromagnetic interaction JE% of the spin-one chain is exactly J'/4. For finite
J/J' the gap is larger than the Haldane gap and increases as the magnitude of .J/.J’
decreases, reaching the maximum value at J/J" = 0. Around this point, the ground
state is simply a chain of singlet dimers and the first excited state is a triplet [111].
With the Hubbard parameters used, we get J/J' = —6.56. As can be seen in Fig.[4.4],
the energy gap of spin-half chain is larger than that of the spin-one chain due to the
finite ferromagnetic intra-molecular interaction and it would reach a value about twice
the Haldane gap of spin-one chain at infinite length [111]. Our estimate for a material
such as GaAs leads to the gap of the infinite TQD chain with J/J' = —6.56 to be
1.07ueV, which corresponds to 7' = 12.4mK. The maximum gap for J/J' = 01is J' or
62mK. In addition to changing the ratio J/J', one can further increase the gap and
hence strengthen the robustness of the ground state by controlling the parameters
that determine J' = 4¢2/(U — V') by building quantum dot networks using self-
assembled quantum dots on nanotemplates [51]. For characteristic parameters for
self-assembled quantum dots U=20meV, V'=10meV, ¢'=10meV one can reach J' ~

40meV, exceeding room temperature at 300 K.

In real quantum dot systems disorders is always a practical concern. For the sys-
tem we consider here, disorder in the parameters of the Hubbard model will effectively

lead to spin chains with disordered bonding between spins. Previous work shows that
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the ground state will be in random singlet phase [114] for strong disorder, but the

Haldane gap phase is robust against weak disorder [115, 116].

4.4 Conclusions

In conclusion, we presented a way of realizing a macroscopic quantum state with
Haldane gap in a semiconductor device. Such a robust ground state could be used
as an essential part of a larger quantum circuit, extending existing semiconductor
technology to quantum applications. The capability of tuning the effective spin-
spin interactions can also be used to create other artificial spin systems, including

ferrimagnetic ones, which are difficult to find in real materials.
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Chapter 5

Herzberg Circuit and Berry’s
Phase in a Chirality-based Coded
Qubit in a Triangular Triple

Quantum Dot

In this chapter, we present a theoretical proposal for the Herzberg circuit and con-
trolled accumulation of Berry’s phase in a chirality-based coded qubit in a triangular
triple quantum dot molecule with one electron spin each. The qubit is encoded in
the two degenerate states of a three spin complex with total spin S = 1/2. Using a
Hubbard and Heisenberg model the Herzberg circuit encircling the degeneracy point
is realized by adiabatically tuning the successive on-site energies of quantum dots
and tunnel couplings across a pair of neighbouring dots. It is explicitly shown that

encircling the degeneracy point leads to the accumulation of the geometrical Berry’s
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phase. We show that only triangular but not linear quantum dot molecules allow for
the generation of Berry’s phase and we discuss a protocol to detect this geometrical

phase.

5.1 Introduction

As discussed by Herzberg [117] and Berry [118], the wavefunction acquires geomet-
ric phase, Berry’s phase, when it is adiabatically moved along a circuit in parameter
space of the Hamiltonian, the Herzberg circuit, enclosing a degeneracy point. Since
only the topology of the circuit determines whether the geometrical phase will be
accumulated, the Berry’s phase is insensitive to the effects of certain interactions be-
tween the system and its environment. For this reason there is interest in attempting
to encode and manipulate quantum information in geometric phases, for example
holonomic quantum computing [119] with generalized non-Abelian geometric phase
[120].

Experimentally, Berry’s phase in two level systems has already been demonstrated,
including nuclear spins [121], superconducting qubit [122] and superconducting charge
pump [123]. Preceding the successful experiments with superconducting circuits, the-
oretical studies [124, 125] investigated the relation between Berry’s phase of a super-
conducting circuit and other measurable quantities, and even a theoretical proposal
[126] for realizing geometric quantum computation with superconducting qubits was
put forward.

In this chapter, we demonstrate theoretically the generation of a Herzberg circuit

and Berry’s phase in quantum states of a three electron complex in a triangular
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triple quantum dot molecule with one electron spin each within the framework of
Hubbard and Heisenberg models. The two level system, a qubit, is encoded in the
two degenerate states of a three spin complex with total spin S = 1/2 [27, 127, 25]. An
early proposal to generate a geometrical phase in degenerate one electron quantum
levels of a three-atom system was discussed by Herzberg and Longuet-Higgins in
Ref.[117] in 1963. A triple quantum dot (TQD) molecule studied here is related to
the three-atom system. We define a two-level system [27, 127], a coded qubit, by
the two lowest degenerate levels of a half-filled three electron TQD under an in-plane
magnetic field. It was shown that the quantum states of coded qubit in a TQD
can be manipulated by tuning the gate voltages[27, 127|. This opens the possibility
described in this Chapter to engineer the Hamiltonian to undergo adiabatic and cyclic
evolution along the Herzberg circuit resulting in accumulation of a Berry’s phase.
Recent experiments [42, 50, 93] on the linear TQD have already demonstrated the
high tunability and coherently manipulation of the many-body quantum states in a
TQD. Furthermore, we propose measuring the spin states of two neighbouring spins
in TQDs via a spin blockade, an experimentally demonstrated technique, to extract
the accumulated Berry’s phase. However, we show that it is not possible to generate
a Herzberg circuit for a linear triple quantum dot, only triangular triple quantum dot
molecule with control over quantum dot energies and at least one tunneling amplitude

is needed.

The plan of the chapter is as follows. In Sec.[5.2], we describe the system and the
Hamiltonians for a linear and triangular TQD. In Sec.[5.3], we construct a Herzberg

circuit generating Berry’s phase in a triangular TQD. We show that it is not possible
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to construct a Herzberg circuit for a linear TQD. In Sec.[5.4], a brief conclusion is

given.

5.2 The model

With one electron in each dot, the extended Hubbard Hamiltonian reads,

Hhubb — Z E;n iNie + Z Z tz] C]a + = Z ‘/;]plpj Z Usn nzTn]¢ + Z gMBS B

,j=1 o 1] 1
i#] i#]

(5.1)
where Hubbard parameters were defined in Sec.[2.2] and p; = ny + 7,y In this study,
we set t;; =t = —0.05Ry*, B; =0, U; = U = 2.0Ry", and V;; = V = 0.5Ry" as the
initial state of the isolated triangular TQD system. Ry* = 5.97 meV is the effective
Rydberg in GaAs. For linear TQD case, we set t;3 = 0 and Vi3 = V/2. We assume F;
and ¢;; are independently tunable parameters that will be varied to generate Berry’s
phase.

As discussed in Chapter [2], the two arrangements of a TQD lead to two topolog-
ically different Hamiltonians. The low energy spectrum (4 spin-3/2 and 4 spin-1/2
states) of a half-filled TQD is mapped onto the Heisenberg model [84, 85, 127] with

one localized spin in each dot,

H=> ;S-S —i—Zg,uBS B+ > xiSi- (S; % Sk), (5.2)

1<j 1<j<k

where the exchange interactions J;;’s can be derived from the Hubbard model and

assume the following microscopic details,

1 1
Jij = 2[ti]? + : (5.3)
U-V+(E—-E;) U-V—(E—E))
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The coefficient y;;x for the chirality operator in Eq.(5.2) is much smaller than J;; and
is non-zero only for a triangular TQD in the presence of a perpendicular field.

Since the Heisenberg Hamiltonian commutes with the total S, operator of the
system, we focus on the S, = —1/2 subspace. We further assume that an in-plane
magnetic field B, has been applied to separate the S, = —1/2 and S, = 1/2 subspaces
by the Zeeman energy. In the S, = —1/2 subspace, a resonant triangular TQD with

all J;; = Jy has the following three eigenstates,

) = 7= () + exp(i2n/3) [111) + explidn/3) [1h) (5.4)

%I

lg-) = (MT) +exp(—i27/3) J1)) + exp(—idn/3) [TIL)) , (5.5)

SI

[Ss/2) = 2 (M) + [L1) + [14)) (5.6)

&l

where spin configurations like this |[]1) labels the electron spins in quantum dots
from spin up in dot 1 (rightmost) to spin down in dot 3 (leftmost). The two chiral
states, |¢.) and |g_), constitute the levels of a chirality-based coded qubit in a tri-
angular TQD. The coherent manipulation of a coded qubit is achieved by tuning the
exchange interactions J;;’s. In the basis of the {|¢.)}, the Heisenberg Hamiltonian

with arbitrary J;;’s reads,

qu _ 0 411(2‘]23 - J13 - JIQ) i(Jlg - Jlg)

tre

1(2J93 — J13 — J12) + i\/Tg(JlB — Ji2) 0

This matrix shows that the chirality-based coded qubit manipulated by J;;’s is equiv-
alent to spin-1/2 particle under an effective field in the x — y plane.

For the case of a linear TQD where Jio = Joz = Jy and Ji3 = 0, the three

133



eigenstates of the system are

o) = 7<|m> [144)), (5.8)
L) = 7 (1) = 2404 + [144)) (5.9)
[S) = —= f (1) + 114 + [14)) (5.10)

For the linear TQD, the two states, |Lo) and |L;) constitute the levels of a coded
qubit in a linear TQD. These three states above are commonly referred to as Jacobi
states. The 2 Jacobi states used for the coded qubit may be physically distinguished
by the joint spin states on dot 1 and dot 3. For |Lg), the spins in dot 1 and dot 3 form
a spin singlet; while the spins in dot 1 and dot 3 form a linear combination of spin
triplets with S, = —1 and S, = 0 in |L;). Similar to the coded qubit in triangular
TQD, we present the Heisenberg Hamiltonian of a linear TQD with arbitrary J;;’s in

the basis of {|L0(1)>},

(5.11)

Different from the chirality-based coded qubit, the Jacobi states-defined coded qubit
in a linear TQD is equivalent to a spin-1/2 particle under an effective field in the
x—z plane. Finally, we remark that this Jacobi basis of a linear TQD also diagonalize
resonant triangular TQD. In a triangular TQD, the ground state is doubly degenerate,
so the two Jacobi states, |Lg) and | L;) are related to the chirality states |¢+) via simple

unitary transformation.
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5.3 Generation and Detection of Berry’s phase

In the previous section, we presented the Hamiltonian for a coded qubit in both
chirality basis (triangular TQD) and Jacobi basis (linear TQD), and compared a
coded qubit to a spin-1/2 particle. The coded qubit Hamiltonian, H(R) = R - S, is
the spin Hamiltonian in the presence of an effective field, R = (X, Y, Z), where the
field is expressed in terms of exchange couplings J;;. By adiabatically varying the
direction of the magnetic field around a closed circuit that encircles the diabolical
point [128 118, 117]in the parameter space of R, the system undergoes a cyclic
evolution and accumulates Berry’s phase. The diabolical point is the point at which

the two-level system is degenerate in the parameter space of R.

To generate Berry’s phase, we need to vary exchange couplings to rotate the effec-
tive magnetic field R. We note that the real and imaginary part of the off-diagonal
matrix element in Eq.(5.7) can be independently set to either positive or negative
value, if we assume the capability to independently control all three exchange inter-
actions. Thus, we can engineer the effective field R for a chirality-based coded qubit
to adiabatically traverse a closed circuit that encircles the origin in the parameter
space. The next task is then to tune the exchange interactions with experimentally
accessible quantities, such as E; and ¢;;. Since we need to independently control three
exchange interactions, we need to vary at least three variables. Experimentally, it is
usually more desirable to tune the on-site energies than the tunnel couplings. So the
simplest attempt is to vary just the on-site energy of each dot. However, this simple
attempt fails, because each exchange interaction J;; depends on the on-site energies

of dot ¢ and dot j through the energy difference AE;; = E;, — E;. We note a constraint

135



(@) (b)

0.58 1.414
0.56 1.413
04 1.412
2 0.52 3 1411
2 0.50 =
1.410
0.48 400
0.46 1'408
04450 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
6(r) 6(m)
(c) (d) 02
0.1
=
< 0.0
~q
-0.1
T 2 3 4 5 ¢ ~0.2

o) -02 -01 00 01 02
Bx(Jo)

Figure 5.1: (a) Variations of AEj, (blue curve) and AEy; (red curve) over one round
on the closed circuit. Note that the variations is comparable to U, the largest energy
scale of the Hubbard model. (b) Variation of ¢35 over one round on the closed circuit.
(c) The values of J;;, computed with Eq.(5.3), over one round on the closed circuit. Jiy
is red, Jo3 is blue, and Jy3 is green. This circuit is generated under the constraint that
Ji3 is held constant. (d) Parametric plot of the closed circuit itself in the parameter
space R for the coded qubit (effective two-level system). The x and y components
of the circle are related to the J;; via the real and imaginary components of the
off-diagonal matrix element in Eq.(5.7).
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AFE 15+ AFEy3+ AFE3; = 0 exists for these three energy differences. Therefore, we have
actually two degrees of freedom with the three on-site energies. We need to tune at
least one tunnel coupling. For instance, the effective field can be rotated in a perfect
circle with a radius J by tuning F;, E3, and ti3, while Ey = F, to3 = t15 = t are
being held constant. Furthermore, we select values of F, E3, and t13 at each point on
the circle such that Jy3 = %J is obeyed at all times, and v is some chosen constant.

Given these conditions, we need to tune three parameters according to

El(e):E+\/(U—V)2—%, (5.12)
(7 —sinb)

- . AU- V)P
Bs(0) = B+ \/(U_ V) %COSQ%—%(Qv—sinH)’ (5.13)
t3(0) = \/((U - Vzl;zl;]fl‘;)E3>2)7J, (5.14)

where a = 1/4, 8 = \/5/47 and 6 is the accumulated angle on the closed circuit.
Fig.[5.1a] and Fig.[5.1b] present the variations of the AFE,9, AFEs3 and ¢3 as functions
of 0, and Fig.[5.1c|] shows the variations of .J;; in response to the changes in the
Hubbard parameters. Fig.[5.1d] shows the Herzberg circuit with radius J in the
parametric space R for the effective spin-1/2 model. Although the circuit presented
in Fig.[5.1] indeed encloses the diabolical point in the parameter space, it is based
on the Heisenberg model for an effective two-level system. The two lowest states
in the S, = —1/2 subspace constitute a two-level system modelled by Heisenberg
Hamiltonian only when on-site Coulomb repulsion is the dominant energy scale. If
we look at the scale of variations for AE)3 and AFE»; in Fig.[5.1], the variations are as
high as 0.58 U at certain points on the circuit. Thus, the validity of the Heisenberg

model becomes questionable over the course of transporting the system around the
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circuit. Thus, we expect that a more realistic circuit, which minimizes the variations
of AE;; in order to ensure the validity of the Heisenberg model, would require to tune
more than just three variables. For instance, Fig.[5.2a] and Fig.[5.2b] present another
circuit, which vary on-site energy £y, E3 and all ¢;; in order to produce identical J;;
as shown in Fig.[5.1c] and also the same circle in Fig.[5.1d]. By moderately varying
t12 and ty3, we observe that the variations of AFE;; are significantly suppressed as
shown in Fig.[5.2a]. Fig.[5.3a] and Fig.[5.3b] compare the energy gap between the
lowest three levels in the Hubbard model and the Heisenberg model in the S, = —1/2
subspace for the circuits presented in Fig.[5.1] and Fig.[5.2], respectively. As shown,
the second circuit, which varies all three tunnel couplings provides a better agreement
between the Hubbard and Heisenberg model. For many tasks, such as manipulating
the quantum state of a coded qubit via dynamical phases, a fast tuning of on-site
energies is preferred to the tuning of tunnel couplings. However, for the adiabatic
accumulation of geometrical phases the gating operations can be done at a slower

rate, with the tuning of the tunnel couplings more favourable in this case.

The accumulated Berry’s phase, ¢4 (C), for the coded qubit level |¢1), after one
round along a closed circuit C' (that encloses the origin) is simply ¢4 (C') = FizQ(C),
where Q(C) is the solid angle subtended by the closed circuit C' with respect to the
origin of the parameter space. For the chirality-based coded qubit, the effective field
is restricted to lie in the = —y plane as implied by Eq.(5.7). The solid angle subtended
by any closed circuit in the x — y plane of the parameter space is either 0 or 7, and
this result depends solely on whether the closed circuit encircles the origin (diabolical

point) or not. Fig.[5.4] shows the numerical computation of accumulated geometrical
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Figure 5.2: (a) Variations of AE)s (blue) and AFEy; (red) over one round on the
closed circuit. The variations of ALE;; are significantly suppressed when compared to
Fig.[5.1a]. This is because we vary all ¢;;. (b) Variation of ¢;; over one round on the
closed circuit. ;5 is blue, t93 is red, and ;3 is green. The values of ¢;; are chosen
specifically to reproduce the same J;; in Fig.[5.1c|] and reduce the variations of AE;.
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Figure 5.3: (a) The energy gap €3 — €1 (higher one in the plot) as well as e; — €
(lower one in the plot) in both Hubbard (dotted curve) and Heisenberg (solid curve)
model for the circuit presented in Fig.[5.1]. ¢; is the i-th eigenenergy of the system.
(b) The same energy gaps in both Hubbard (dotted) and Heisenberg (solid) model
for the circuit presented in Fig.[5.2]. In both (a) and (b), the green, solid curve which
represents the energy gap between the two coded qubit level is a constant over the
closed circuit. This is because we transport the coded qubit on a constant energy
surface as implied by the parametric plot of {B,, B,} for the coded qubit (effective
two-level system) in Fig.[5.1d].

140



phase for the coded qubit along the Herzberg circuit. After one round on the circuit,
the state accumulates a phase of 7 in agreement with the theory. To get Fig.[5.4], we
simulate the time evolution, ¥ (0), of the coded qubit by varying the on-site energies
and tunnel coupling according to Eq.(5.12) - Eq.(5.14). We use the angle 6, which
denotes the fraction of the Herzberg circuit, as a time variable. Next, we take the

definition of geometrical phase [118],
(0) = Te HAEREIA |n(R(9))) (5.15)

where E,(R(0)) and |n(R(#))) are the n-th eigenenergy and eigenfunction for the
Hamiltonian with parameter R. We remark that |n(R(#))) should be chosen to be
single-valued and the phases of the eigenstates at different R should be continu-
ously differentiable with respect to R. v(0) is the accumulated Berry’s phase. From
Eq.(5.15), one may extract the accumulated Berry’s phase in a numerical calculation.

Let us now turn to the experimental observation of Berry’s phase using quantum
interference. The restriction of having an effective in-plane magnetic field R = (X,Y)
makes the experimental probing of Berry’s phase difficult because we have very limited
interference between components of the wavefunction. Therefore, it is essential to
have a closed circuit that lies above the x — y plane so the solid angle subtended
by the circuit is given by 2 = 27(1 — cos ©), where cos © is the direction cosine of
the effective field along the z direction. To generate an effective field along the z
direction, we need to apply a magnetic field perpendicular to the triangular TQD.
The perpendicular field turns on the chiral term in Eq.(5.2). Since the chiral states
are eigenstates of the chirality operator, the chirality term acts as a ¢, operation in

the computational space. The coefficient, x;ji, attached to the chirality operator is
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Figure 5.4: Accumulation of Berry’s phase by the coded qubit level, |g;). At the
end of the Herzberg circuit, § = 27, the accumulated phase is 7, in agreement with
theory.

~ t3/U% 1If we take t = —0.05 and U = 2.0, the values used to generate Fig.[5.2],
then x;;x is about two to three orders of magnitude smaller than J;;’s. It is important
to realize that x;;x, derived from third order perturbation theory, also depends on the

TQD parameters such as t;;, and differences of on-site energies through terms like

K
1

O—VIAE)O-VIAFD)" Therefore, as the system is adiabatically transported on a

closed circuit by varying the gate voltage, the magnitude of this effective z field will
oscillate in its magnitude. Furthermore, an estimated change of the effective z field
over the course of one complete circuit is two to three orders of magnitude smaller

than due to the J;;’s.

With all the necessary ingredients in place, we now describe a possible procedure to

experimentally detect Berry’s phase in a triangular TQD. First, we prepare the coded
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qubit in a linear superposition of the form \/Li lgr) + \/Li lg_) by having an effective
field R along the y direction. Next, we follow Eqs.(5.12)-(5.14) to tune E;, Ej,
and t13 under the perpendicular magnetic field to accumulate the geometrical phase
over one closed circuit lying above the = — y plane. Over the course of transporting
the system around the circuit, the system acquires both dynamical and geometrical
phases. Therefore, we next have to perform a spin-echo [126, 122, 121] procedure to
eliminate the dynamical phases. For this spin-echo procedure, we perform a NOT
operation on the coded qubit to flip the two chiral states. Then we transport the
system around the same circuit in the opposite direction. In this way, the dynamical
phases will add destructively while the geometrical phases will add constructively.
At the end of the second round along the circuit, the system now has only Berry’s
phase left. The final task is to perform quantum interferometry to extract Berry’s
phase from the system. At this stage, it is important to recall the Jacobi states, |Lo)
and |L;), which can be distinguished by the joint spin states on dot 1 and dot 3. We
remark that experiments [94, 61] have already demonstrated that the joint spin states
between two neighbouring dots can be measured by the spin blockade phenomenon.
If the charge detection shows that we can make a transition from (1,1,1) to (2, 1,0),
then we have a |Lg) state in the triangular TQD. Therefore, by simply projecting the
chirality-based coded qubit into the Jacobi states, the probability of detecting |Lg)

state is given by

P(Ly) = gcos 200 — ? sin 2€2. (5.16)

As mentioned in the previous section, the two bases are related by a unitary trans-

formation. The measurements in the Jacobi basis thus implicitly provide the needed
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quantum interference to extract Berry’s phase.

We now focus on the case of the coded qubit in a linear TQD. We note that
the diagonal elements of the Hamiltonian, Eq.(5.11), are always a positive quantity
because of the fact that J;; > 0, a condition dictated by the microscopic details given
in Eq.(5.3), in which U is the largest energy scale for strongly correlated system. This
observation implies that when we map the coded qubit in a linear TQD to a spin-1/2
particle, the magnetic field is restricted to having a positive z component. Hence we
conclude that it is not possible to generate Berry’s phase with a coded qubit in a

linear TQD.

5.4 Conclusion

In summary, we presented a theoretical proposal for the Herzberg circuit and
controlled accumulation of Berry’s phase in a qubit encoded in the two degenerate
chirality states of a three spin complex with total spin S = 1/2 in a triangular triple
quantum dot molecule with one electron spin each. Using a Hubbard and Heisenberg
model the Herzberg circuit encircling the degeneracy point is realized by adiabatically
tuning the successive on-site energies of quantum dots and tunnel couplings across
pairs of neighbouring dots. It is explicitly shown that encircling the degeneracy point
leads to the accumulation of the geometrical Berry’s phase. We show that only
the triangular but not the linear quantum dot molecule allows for the generation of
Berry’s phase and we discuss a protocol to detect this geometrical phase in interference

experiments relying on the spin blockade spectroscopy.
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Chapter 6

Sequential Tunneling and Spin
Blockade in a Linear Triple

Quantum Dot

In this chapter, we present a theory of electronic properties and the spin block-
ade phenomena in a gated linear triple quantum dot. Quadruple points where four
different charge configurations are on resonance, particularly involving the (1,1,1) con-
figuration, are considered. In the symmetric case, the central dot is biased to higher
energy and a single electron tunnels through the device when the (1,1,1) configura-
tion is resonant with the (1,0,1),(2,0,1), and (1,0,2) configurations. The electronic
properties of a triple quantum dot are described by a Hubbard model containing two
orbitals in the two unbiased dots and a single orbital in the biased dot. The transport
through the triple quantum dot molecule involves both singly and doubly occupied

configurations and necessitates the description of the (1,1,1) configuration beyond the
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Heisenberg model discussed in Chapter [2]. Exact eigenstates of the triple quantum
dot molecule with up to three electrons are used to compute the current assuming
weak coupling to the leads and a non-equilibrium occupation of quantum molecule
states obtained from the rate equation. The intra-molecular relaxation processes due
to acoustic phonons and cotunneling with the leads are included, and are shown to
play a crucial role in the spin blockade effect. We find a quantum interference-based
spin blockade phenomenon at low source-drain bias and a distinct spin blockade due
to a trap state at higher bias. We also show that, for an asymmetric quadruple
point with the (0,1,1),(1,1,1,),(0,2,1), and (0,1,2) configurations on resonance, the

spin blockade is analogous to the spin blockade in a double quantum dot.

6.1 Introduction

Gated quantum dots (QDs) [40, 129, 32, 61, 22, 21, 42, 93] with controlled elec-
tron numbers are a testbed for probing fundamental many-body physics as well as
a promising platform for building spintronics and quantum information processing
(QIP) devices [59]. Until recently, most experimental and theoretical investigations
of quantum circuits based on electron spin focused on the single and double quan-
tum dot (DQD) devices [32, 59]. Many essential tasks for operating a qubit have
been demonstrated in DQDs. For instance, coherent manipulation and readout of
one [61] and two [94] spin states have already been experimentally achieved using
spin blockade [40, 41, 46] . In DQDs, spin blockade is used to detect spin using
spin-to-charge conversion. For instance, the (0,2) charge configuration cannot be ob-

tained from the (1,1) configuration if the electron spin in the left dot is parallel to
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the electron spin in the right dot. Detected charge on the right dot depends on the
relative spin orientations of the two electrons. Thus, spin blockade detects spin states
(triplet or singlet) of the two electrons in transport spectroscopy or charge sensing
measurement [40, 41, 46]. A physical signature of spin blockade at the triple point,
(0,1) — (1,1) — (0,2), is the current rectification under different bias directions.
In positive (forward) bias direction, triplet states will not be populated, and the
quantum dot molecule does not exhibit negative differential conductance. In negative
(reverse) bias direction, current suppression is pronounced once the transitions to the

(1,1) triplet states become accessible in the transport window.

A nontrivial extension of the quantum circuit based on electron spin is the triple
quantum dot (TQD) with one electron each. This can be appreciated by the compari-
son of the quantum optical properties of a two-level versus three-level systems. Recent
charging and transport spectroscopy experiments [42, 50, 36, 130] on the TQDs have
mapped out the stability diagram of the devices down to a few electrons. The elec-
tronic properties of a triple quantum dot have been investigated theoretically, includ-
ing topological Hunds rules [36], spin-selective Aharonov-Bohm oscillations [39, 131],
the implementation of a coded qubit [25, 27, 127], voltage-controlled spin manipula-
tion [132, 110], entangled GHZ state generation [74, 133], non-Fermi-liquid behaviour
(71, 134, 135] in a triangular TQD as well as coherent tunneling adiabatic passage
(CTAP) processes for a single electron in a LTQD [55, 56]. All these theoretical pre-
dictions as well as quantum information processing in a TQD require an ability to

spectroscopically detect spin by, e.g., spin blockade.

In recent experiments Granger [50] et. al. and Laird [93] et. al. carried out
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transport spectroscopy and charge sensing measurement on a LTQD molecule with
one electron in each dots. This configuration, denoted by (1,1, 1), was tuned to be
resonant with the two electron configuration (1,0, 1). It was assumed that transport
proceeded through {(2,0,1),(1,1,1),(1,0,2)} resonant configurations, which implied
that the central dot was biased to higher energy. The presence of doubly occupied
dots in the configurations makes the Heisenberg model of localized spin configurations
inapplicable and a microscopic model is required to study the electronic and transport

properties of this TQD system.

In this chapter, we extend our earlier theory of a TQD [27, 36, 75, 68] to biased lin-
ear molecule at quadruple points (QPs) and describe spin blockade as a spectroscopic
tool allowing the readout of electron spin. We analyze the electronic and spin proper-
ties of a LTQD as a function of energies of each dot within a single-band or multi-band
Hubbard model. The knowledge of the wave functions of a single-band Hubbard model
allows for the qualitative understanding of the low-bias transport through the device,
but including more than one orbital in the dot will be shown to be crucial for spin
blockade. Two different QPs involving the (1,1,1) configuration are considered: (a)
symmetrical QP (SQP) with (1,0,1),(2,0,1),(1,1,1),(1,0,2) configurations on res-
onance, and (b) asymmetrical QP (AQP) with (0,1,1),(1,1,1),(0,2,1),(0,1,2) con-
figurations on resonance. For SQP, the transport goes through (1,0,1) — (2,0,1) —
(1,1,1) — (1,0,2) channels, while (0,1,1) — (1,1,1) — (0,2,1) — (0,1,2) is the
transport channel for the AQP. Current is calculated in sequential tunneling approx-
imation between the TQD and the leads, using rate equations [39, 136] to calculate

the non-equilibrium steady state occupation of TQD states with a source-drain bias.
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We use Fermi’s Golden Rule to calculate the transition rates between TQD states by
adding or removing an electron due to the coupling between the TQD molecule and
the leads, and also the transition rate between TQD states with the same number of
electrons due to the interaction with acoustic phonons [137, 138].

The plan of this chapter is as follows. In Sec.[6.2], we describe the system and the
Hamiltonians. In Sec.[6.3], our approach on the transport based on the sequential
tunneling between the leads and the TQD molecule and rate equations are explained
in detail. The transition rates due to different mechanisms are also discussed. In
Sec.[6.4.1], we present results of current calculations for the SQP, and discuss the
mechanism of quantum spin blockade at low bias. In Sec.[6.4.2], we present results of
transport calculations for conventional spin blockade at the SQP under high source
drain bias and at the AQP, and discuss how the system at the AQP can behave
qualitatively as a double dot around a similar triple point with (0,1),(1,1),(0,2)

configurations. A brief conclusion is given in Sec.[6.5].

6.2 Model

Fig.[6.1] presents a schematic diagram of a LTQD in contact with the two semi-
infinite leads and the energy levels of the single QD orbitals. The metallic leads
are modelled by one dimensional tight binding chains. Each quantum dot, defined
by metallic gates on top of GaAlAs/GaAs heterojunction and represented here by
a circle contains a controlled number of electrons, e.g., one electron each [(1,1,1)
configuration| in (a) and (1,0, 1) configuration in (b). Electrons can tunnel between

dots 1 and 2, and between dots 2 and 3, but there is no direct tunnel coupling between
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Figure 6.1: (a) Schematics of a linear TQD connected to leads. The leads are modelled
with 1D tight binding chain of electrons with tunnel coupling ¢ and t£ for left
and right lead respectively. The system is trapped in an (1,1, 1) configuration. (b)
Another schematics of a linear TQD connected to leads. The system is trapped in an
(1,0,1) configuration. (c) Schematics of single particle energy spectrum of a triple
quantum dot when the central dot is biased with A. The gap Ay, denote the energy
difference between S and P orbitals on a dot.
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the two edge dots. Fig.[6.1c| shows the single particle levels of the individual dots
in the LTQD without interdot tunneling. The lowest energy bars denote S orbitals
(the ground orbitals) in each dot. The energy of the central dot is raised by an
applied voltage A. This bias can be used, for example, in order to localize the two
electrons in dots 1 and 3 as shown in Fig.[6.1b]. In this study, A, comparable to
Coulomb repulsion U, is used to bring the configurations such as (1,1, 1) and (1,0, 2)
on resonance as shown in Fig.[6.2]. We find it is essential to include the excited
states, P orbitals, in dots 1 and 3 in order to properly account for the transport
properties at the SQP. The energy separation, Ay,, between S and P orbitals may
also be comparable to A. Thus, the electronic properties of a LTQD are described
by a multi-band Hubbard model with parameters derived from a microscopic Linear
Combination of Harmonic Orbitals-Configuration Interaction (LCHO-CI) approach,

introduced in Sec.[2.1.1], for given voltages on the gates[75]. With ¢, (&)

10

) denoting
annihilation (creation) operators for an electron with spin ¢ on orbital 7, the five-level

Hubbard Hamiltonian reads:

5 5 5 5
. R 4o o 1 .
Hp = Z E;(Vsa)hio + Z tijel,eo + Z Uiningy, + 5 Z Viipipj, (6.1)
i=lo ij=lo i=1 ij=1
JFi

where the Hubbard parameters were defined in Sec.[2.1.2]. We assign indicesi = 1,2,3
to S orbitals of dots 1, 2 and 3 respectively. The indices ¢« = 4,5 denote excited
P orbitals. We will consider only single excited orbitals in both dot 1 (i=4) and
dot 3 (i=5) for the TQD molecule at SQP. For the AQP case with (0,1,1) base
configuration, the excited orbitals are in dot 2 (i=4) and dot 3 (i=5). The excited
orbital in the biased dot does not play any significant role.

The TQD device is connected to left and right lead (r = L, R) as shown in
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Figure 6.2: (a) One of the (1,1,1) configuration. (b) One of the (1,0,2) configuration.
At SQP, the bias A in dot 2 should be U + V' —2V in order for the two configurations
to have the same energy.
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Fig.[6.1a]. Electrons in the leads fill up the noninteracting states of semi-infinite
tight-binding chains with a bulk dispersion relation €, (k) = 2t, cos (ka) up to a Fermi
level jir(gr), where ¢, is the tunnel coupling between the sites on lead 7, a is the
distance between sites of a tight-binding chain, and £ denotes the wave vector of the
plane wave in the chain. The interaction between the leads and the device is modelled

as,

Hp=>" Z (# (k)] 1o+ e (6.2)

(e

where (k) = tie?m™kmr /\/21 is the tunnel coupling between the mode k of the
r = L(R) lead and orbital i, localized on the left dot (r = L) or the right dot (r = R)
and m, in the exponent of #/(k) is 1(—1) for r = L(R). CZLU creates an electron with
momentum k and spin o in the lead 7. In this study, ¥ = 0 for orbitals not on the
right edge dot and t& = 0 for orbitals not on the left edge dot.

Interactions with phonons have already been shown to be important to understand
the incoherent transport properties of double quantum dots at high bias in Ref.[138],
for instance. We include interaction of electrons in the LTQD with bulk longitudinal
acoustic (LA) phonons via deformation potential as the mechanism of phonon-induced
relaxation at low temperature. The electron-phonon interacting Hamiltonian reads,

Ho_ = Z >~ Mij(a) (ba +blg) el (6.3)
i,j=lo ¢
where q is the phonon momentum, ¢ and j are TQD orbitals, and IA)q(lA)L) operator
annihilates (creates) a phonon with momentum q. M;;(q q) [ i(r)* exp(—iq -

r)i;(r) is the electron-phonon scattering matrix element, ;(r) is a single particle

D2hg

5. for deformation potential D, GaAs mass density
PCs

wave function, and A(q) =
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p, and speed of sound ¢, in GaAs. The phonon scattering matrix element, M;;(q),
depends on the single particle wave function v;(r) which is obtained from the LCHO

[75] formalism.

6.3 Theory of Sequential Tunneling

Theory of sequential tunneling through a triangular triple quantum dot molecule
has been described in detail in Ref. [39]. Here we extend the approach of Ref. [39]
to include both electron-phonon interaction and cotunneling and apply this theory
to describe current and spin blockade in a linear triple quantum dot. Following Ref.
[39], current between lead r and a TQD device in the vicinity of a quadrupole point
involving N = 2 and N + 1 = 3 electrons can be written as a difference between
the current from the lead to the triple quantum dot and a current from the triple
quantum dot back to the lead r:

Lp= —GZ Z Wi (an — Bni1)Pay

ir,0 aN,BNf1

+ GZ Z erq(ﬂj\[_,_l — aN)P,BN+17 (64)

ir,0 aN,BN+1

where |ay) is an N-electron many-body eigenstate of the isolated TQD with energy
E, , and associated steady state probability P, , , which is obtained by solving the rate
equation, Eq.(6.5), below. The sequential tunneling rate, W*?(ax — Sn41), provides
the rate of transition for the TQD from an N-electron ayy state to an (N + 1)-electron
state due to first order perturbation from the lead r. Details of sequential tunneling
rates will be provided later.

The probabilities, P,

v, are the diagonal matrix elements of the reduced density
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matrix p. The time evolution of these diagonal matrix elements is described by the

Pauli master equation,

Z > P W(Bn = an) = PayW(an — Bir), (6.5)

N'=2 By

where transition rates We, s, are calculated using Fermi’s Golden Rule. We con-
sider sequential tunneling rate, W4, in first order in coupling to the lead r, intra
TQD phonon-induced relaxation rate, W*" and second order cotunneling rate, W<,

The master equation is solved to obtain steady-state solution for the probabilities,

P,

s DY setting the time derivative to be zero.

With the coupling to a lead 7, >, dyo (ZZ f:(k:)éj) + h.c., the first order sequen-

tial tunneling rates read

2

(Bl LBl )| 6 (an = ) fllna). (62

2
Wseq(aN — 5N+1 = =7
2

2
W2 (Bns1 = an) = % > e Y T (k)eiolBri1)| 6 (wap — erk) (1= fr(wap)),
k i

(6.6b)

where f,(€) = 1/ (exp[(e — p,)/ksT] + 1) is the Fermi function of the lead r, was =

E/BN-H —E

oy and €. is the energy of a state associated with wave vector k of lead r.

We remark that the summation over index ¢ in the sequential tunneling rate refers to
summing the tunneling contributions from the S and P orbitals in a quantum dot.
By expanding the norms of the complex-valued matrix elements in above equations

and introducing an integration variable w, the sequential tunneling rates can be also
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expressed as follows,

Wseq<aN — BN-I—I Z/ Aaﬁ )fT(waﬁ) (67&)

0By i1 ay) = Z [ AT @) B )1 = ), (6.7b)

with generalized spectral functions [139] of the TQD, A%ﬂ = {an|tis|Bny1) (Bn+1 |é;ra lan)
§(w—wap), and generalized spectral function of the lead r, BJ;(w) = >, 7 (k) (#(k))*6 (w—
€-x). By substituting the sequential tunneling rates in Eq.(6.4) with Eq.(6.7), one can
relate the current through a TQD with the spectral functions of the TQD and the

leads.

We now provide relaxation rates due to electron-phonon interaction and cotun-
neling. For large source-drain bias voltage |eViq| > |t;;], the change in the on-site
energy of dots due to the source-drain bias will take the system off the resonance,
away from the QP. In this regime, the current is dominated by inelastic tunneling
between orbitals of neighbouring quantum dots due to electron-phonon interaction.
The phonon emission-induced relaxation rate [138] reads,

2

WP (ay — Bn) = Z M;j(aq 6N|chga’0‘N> 6 (Eay — Epgy — hwq) g(hwg, T),
e (6.8)

where hwq = heg|q| is phonon energy, and g(fuwq) is the thermal occupation number

for phonon mode q at temperature 7. Spin blockade occurs when the spin-3/2 po-

larized states |az) become trap state, with W (a3 — 52) = 0. However, the spin

blockade can be lifted if we allow cotunneling. We consider cotunneling transition

rate [140, 141], which involves an exchange of electrons between a lead r and the TQD
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in a spin 3/2 state,

27T / ’
Wit (ay = B) = 5= D fle) (L= Fo(ef,))0 (Ep = By + 6, — )
o0 kK
(ciz) e, |
Cif) Ci,
x| S8 ()t (K ) 2— Bl (6.9)
Eas_E’Yz_Gkr

Y2,8,4"

where C%7 = = (s]é! |ya), |72) is a triplet state, and €7 is the energy for an electron

with wave vector k and spin o of the lead r.

6.4 Transport and Spin Blockade

In this section, we compute and discuss the transport properties and spin block-
ade in a linear triple quantum dot at both SQP and AQP. We set on-site Coulomb
repulsion between S orbitals to be Uj; = Uy = Us3 = U = 3.0 meV, and we
use U as the unit of energy scale. For S and P orbitals in the same dot, we set
Uiy = Uss = U' = 094U, and Uy = Uss = U” = 0.96U for P orbitals in the same
dot. We set t;; =t = —6.0- 1073 U for tunneling between S orbitals in neigh-
bouring dots. We set t;; = t' = —6.2 - 1072 U for tunneling between the S and P
orbitals on neighbouring dots. We set V;; = V' = 0.2U between neighbouring dots
and V;; =V’ = 0.1U between dots 1 and 3. The energy difference between S and P
energy levels, Ay, in the same dot is taken to be 0.8 U and 0.25 U in different cases
considered below.

The tunnel coupling for the tight binding chain in the leads is taken as t; =
tr = —2.0U. The large tunnel coupling for the leads allows a wide energy band,

which increases the number of available levels for transport. As for the dot-lead
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tunnel coupling 7, we set t¥ = —1.0-1073U and tf = —1.1-1073U. Only the S
and P orbital in dot 1 is connected to the left lead. Symmetrically, we set t& = ¢,
and tf = tI. The rest of the tunnel coupling parameters are zero in our model.
For interaction between electrons in the TQD and bulk LA (longitudinal acoustic)
phonons, we use the following GaAs parameters: A(q) = \/W, where D =
29U, p=5300kg/m?, ¢, = 3700m/s and w, = cq.

We measure current in unit of Iy = e|tf|?/h|tr|. We assume total potential dif-
ference eV, across the two leads and a linear decrease of this potential across the
device. The chemical potentials on the two leads are given by u; = eVi/2 and
pr = —eVia/2. The on-site energies are given by Ej (4)(Via) = E?,(At) + €eVsq/6,
E,, = E), and Es 5(Via) = E§7(5) — eV54/6 respectively, and electron temperature in
all calculations is set to kgT = 2.0- 1073 U.

In Chapter [2], we solve for the eigenstates of a central-dot biased LTQD. When

A is large, the ground state in the triplet subspace (S, = 1) can be written as

T%) =~ (|T13> + % Th2) + % |T23>) : (6.10)

where |T;;) = éTTéTT |0). The state |T") is predominantly characterized by |T}3), and

71| = |72] < 1. We remark that the corresponding eigenstate in (S = 1,5, = 0)

and (S = 1,5, = 1) subspaces are denoted by |T°) and |T~), and these states are

obtained from |T'") after flipping one of the spins and performing the proper anti-

symmetrization of the wavefunction, and after flipping both spins, respectively. For

the singlet subspace, we will simply denote the ground state as |.S) in this chapter.
Similarly, we also borrow the notations, defined in Sec.[2.2.3], for the three-electron

o ot o

= 1/2 subspace |a) = élTé;TéguO} by = ClTC2¢03T|O> c) = &],CC5,]0), [d) =
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chiél el o), and |e) = el ¢l el |0). All five configurations belong to the S, = 1/2
subspace. The first three have one electron per dot, (1,1,1) configuration. |d) and
le) denote a (2,0,1) and (1,0,2) configuration, respectively. Based on these five
configurations, we define the following four states: |Lg) = \/Li(|a) — o)), |L1) =
\/Lé(|a) —2[b) + |¢)), |X) = \%ﬂd) + le)), and |Y) = \%(|d) — le)). As shown in
Chapter [2], the three-electron Hubbard Hamiltonian when expressed in the truncated
basis of these four states is reduced to two separate 2 by 2 sub-matrix, and the
eigenstates read | L) = cos(¢)|Lo)+sin(¢)|X), |Ly) = sin(@)|Lo) —cos(¢)| X), |LT) =
cos(0)|L1) + sin(0)|Y), and |L7) = sin(#)|L1) — cos(0)|Y), where tan(2¢) = t/¢,
tan(20) = V/3t/¢, and € = (A + 2V’ — U — V) /2. In the subsequent discussion, these

four eigenstates ‘L(j)t,1> and their counterparts in the S, = —1/2 subspace will be used

to understand the transport properties of a LTQD.

6.4.1 Quantum Interference-based Spin Blockade

We first consider transport through the SQP: {(1,0, 1), (2,0,1), (1,1,1), (1,0,2)},
and we put P orbitals (i = 4,5) in dot 1 and 3 respectively. We set £y = E3 = —U—-V’
and Fy = —2V in order to bring the four charge configurations into resonance. For
the present case, we set a high single particle level spacing Agp = 0.8U on the edge
dots. A large energy spacing between the S and P orbitals allows one to focus on
a few lowest states for transport at bias |eVyy| < U. For instance, Fig.[6.3] shows
the energy diagrams of the relevant 2-electron and 3-electron states near the SQP
as a function of V. The inset in Fig.[6.3] categorizes the states associated with the

energies in the main figure. There are four active 2-electron states: one singlet |S),
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Figure 6.3: The energy spectrum of a multi-band Hubbard model as a function of
source-drain bias. In the figure, the blue curve represents the four 2-electron states.
They are very close in energy and looks degenerate in the energy resolution present
here. The black curve is the quadruply degenerate spin-3/2 states. The red curves
are each doubly degenerate spin-1/2 states. Inset: A summary of the states involved
in the main figure at a particular value of V4. E,, is the energy of the configuration
at the quadruple point.

160



and triply degenerate triplet states, |T+°). For N = 3 subspace, there are four spin-
1/2 states below the spin-3/2 states. The four spin-1/2 states are |L]) and |L{) and
their counterpart in the S, = —1/2 subspace. In the absence of magnetic field, these
states remain degenerate. Next up in the three-electron subspace are the quadruply
degenerate spin-3/2 states, |S = 3/2, S, = £1/2,+£3/2). The last four levels are |L;)

and |Lg ) states and their counterpart in S, = —1/2 subspace.

Under small Vy; and large A,,, the wavefunctions remain similar to the ones
obtained from single-band Hubbard Hamiltonian at zero V; in Sec.2.2. We empha-
size that these three electron states are admixtures of (2,0,1), (1,1,1), and (1,0, 2)
configurations with comparable weights except the spin-polarized states. Fig.[6.4a]
presents the three-electron energy levels as a function of bias A on the central dot.
According to our analysis in Sec.[2.2], when A is large, the lowest few three-electron
states can be expressed as linear combinations of either |L;) and |Y'), or |Lg) and | X).
Fig.[6.4b] shows the contributions of |L;) and |Y') to the three-electron ground state.
At the SQP, the three-electron ground state |L]) is an admixture of almost 50% |L;)
and 50% |Y) as shown in Fig.[6.4b]. Based on the analysis of wavefunctions in the
single-band Hubbard model, the only dark channels in the LTQD are the spin-3/2
states. As the spin-3/2 wavefunctions, |S = 3/2,5, = £1/2,4+3/2), do not overlap
significantly with the two-electron triplet states, |T75°), when an electron is added or
removed from the edge dots, the conventional spin blockade is not expected in this

regime.

Fig.[6.5a] shows the transport response I(Vy;) of a LTQD and Fig.[6.5b] shows

the steady state occupation probability of the four spin-3/2 states as functions of
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Figure 6.4: (a) The energy spectrum of a single-band Hubbard model with three
electron in the S, = 1/2 subspace. As A increases, the five levels converges towards
the quadruple point (the anti-crossing point). The blue curve, spin-3/2 state, do not
interact with the other states. In the main figures, the energy levels are artificially
shifted by a constant values for better views. The inset shows the proper energy
levels near the anti-crossing point. (b) shows the projection of the ground state onto
|L1) (the red curve) and |Y') (the black curve) obtained from numerical calculations.
The blue-dashed lines provides the same information but obtained from the analytical
approximation for |L{) = cos(6) |L;) + sin(#) |Y') discussed in the text.
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Vsa - This was done without the cotunneling effect. The I — V4 curve is symmet-
rical with respect to the bias direction as it should be at SQP. The most prominent
feature is that the vanishing of the current and therefore significant negative differen-
tial conductance associated with high occupation probability of the spin-3/2 states.
As shown in Fig.[6.5a], the current is completely suppressed at a very limited bias
regime, this is very different from the I — V' curve in the spin blockade regime in
a DQD. These numerical results are obtained from a five-level Hubbard model, and
the negative differential conductance is not reproduced when we use just the three-
level Hubbard model for the transport calculation. This implies that this negative
differential conductance is related to the existence of the high-energy P orbitals.

In order to explain this negative differential conductance, we need to study S, =
3/2 subspace with all five orbitals. There are 10 possible configurations for three
spin-up electrons in five orbitals. Using the Hubbard model with these five orbitals,
the configuration with the lowest energy is |a) = éhé;é;ﬂ[)}, and the next two con-
figurations are |b) = éITé3Té;T|O> and |¢) = éITégTéMO). Configuration |a) is separated
from ‘l_)> and |¢) by an energy gap of ~ U + A,, — A. The other 7 configurations

are even further away in energy. The Hamiltonian of this low energy configuration

subspace in the basis of {|b),]a),|¢)} is,

Ey+2E;+ A, + U +2V —t/ 0
Hs/p = —t Ei+Ey+E;s+2V' +V —t'
0 —t/ 2E1 + Es+ Ay, + U +2V
] (6.11)

where E; and Fs are almost identical when V,; is small. This Hamiltonian matrix

looks similar to the 2-electron triplet Hamiltonian, Eq.(2.28), presented in Sec.[2.2.2]
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Figure 6.5: (a), the transport response I(Vy4) of a LTQD at the SQP and low source-
drain bias. (b), the steady-state occupation probability of the spin-3/2 states as a
function of V4. Panel (a) and (b) together indicates the spin-3/2 states are related
to the bi-directional, quantum interference-based dark channel in a LTQD. (c), pro-
jection of the triplet state |T) onto the configuration éJ{TégT|O>, and the projection

of the spin-3/2 state |3/2) onto the configuration éITéETégT\O). (d),RRatio of matrix
elements [2}| (see text for the definition) in the unit of the ratio ]z%] Dark channel
5

is formed when the red curve (the computed ratio) intercepts y = 1 line in the figure.
Panel (¢) and (d) are presented to illustrate the formation of the dark channel in the
positive bias direction. For analyzing the dark channel in the negative bias direction,
another two states, égTégT |0) and éITégTéZHO) should be picked for similar analysis.
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with one exception: the tunneling matrix elements acquires a negative phase for
the three electron system. This negative phase is simply due to the anticommutation
relation between fermionic operators. Exact diagonalization of the above Hamiltonian
gives a ground state,
13/2) =17 <|a) + 2 }b>+@|c>), (6.12)
U] n
where coefficients 7,(2) are of the same order of magnitude as the coefficients 7y
for |T*) in Eq.(6.10). This can be understood by analyzing the Hamiltonians. The
energy difference between the configuration |T15) and |T13) is given by |A + V' — V.
The energy difference between the configurations |b) and |a) is given by |A — A, —
U'—V 4 2V'|. Considering the fact that A and A, are both on the order of U, the
two energy gaps are actually comparable. In general, hybridization of configurations
|i) and |j) in a wavefunction can be estimated by the ratio % In our case, the S-P
tunnel coupling t' is also on the same order of magnitude as the S-S tunnel coupling
t. This explain why 7;(2) are comparable to 7,2y in magnitude. Furthermore, 7,
have opposite signs with respect to v;(2) because the off-diagonal matrix elements in
Eq.(6.11) and Eq.(2.31) have opposite signs. Fig.[6.5¢| presents the norm of 7, and
from the exact diagonalization of the five-level Hubbard model as a function of V.
Next, we look at the rate equation for the state |3/2) when the system is subject to
a positive source-drain bias, i.e. charging electron from left dot but removing electron

from right:

d P35
dt

= —WgU3/2 = T")Psj + W;*(T* — 3/2)Pr+ . (6.13)

Note that the only allowed 2-electron state is Tt because the total spin cannot change

by more than 1/2 by adding an electron. The phonon relaxation does not play a role
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here because |3/2) and |T") are the lowest energy states in their own spin-resolved
subspaces, respectively. For simplicity, we have ignored the cotunneling contribution
in this analysis, but numerical results in Fig.[6.5] are also obtained without the co-
tunneling terms. In order for |3/2) to be a trap state, the outgoing part of the rate
equation should be almost equal to zero. The outgoing sequential rate is, approxi-

mately,
We(3/2 — TF) = % > T (k)es|3/2) + (TP (K)és|3/2)|
k

X 5(E3/2 - ET+ - EkR)(l - fR)7

27.‘. e—ika 2
=5 (J7alts — |mlts) o 0(B3j2 — Ep+ — exr)(1 = fr),

(6.14)

where (k) = tfle=*/\/21 and f is the fermi function for the right lead. The coef-
ficients v, and 7, are defined in Eq.(6.10) and Eq.(6.12), respectively. The expression
(|7t — |m|t) gives the interference between the two possible paths of removing an
electron (via the S and P orbital) from the right dot. The minus sign in the expres-
sion stem from the fact that n; and +; have opposite signs, and the origin of this sign
difference was already explained immediately following the Eq.(6.11). We see that
the condition for the quenching of the sequential tunneling rate is |y, /mi| = [t&/tL|.
Fig.[6.5d] presents the ratio |y, /m| as a function of V. At points of strongest current
suppression, we observe that the ratio indeed matches the ratio of [¢tf/t%]. In short,
the negative differential conductance sets in whenever the two possible paths of elec-
tronic transport become comparable in amplitude and interferes destructively. This

destructive interference is possible only for the transport channels through spin-3/2
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states. In terms of spin configurations, the transport channel |3/2) — |T") involves
the two paths (11, T2, T3) — (T1,T2) and (T1,73,T5) — (T1,T3), which can destruc-
tively interfere. For all other transport channels, electronic transport occurs with
much higher probability amplitude via the S orbital in the edge dots at low source-
drain bias. The existence of the dark channel through |3/2) makes the TQD molecule

trapped in |3/2) state.

Fig.[6.6a, b] show the current through the LTQD and the steady state proba-
bility distribution for the spin-3/2 states in the parameter space of (E; = Ej3, E»)
at a small bias, eV,; = 0.01 U, respectively . In this calculation, the cotunnel-
ing effect is included. Although the quantum interference-based spin blockade is
formed under a very specific condition, Fig.[6.6b] shows that the interference-based
spin blockade can still be observed in the parameter space of on-site energies. The
cotunneling effects can be analyzed when we add terms > _; p> s Weet(Bs —
3/2)P% — % | g5, WE(3/2 = fB3) P32, where |f3) is a three-electron state with
S =1/2, to Eq.(6.13). In Eq.(6.14), we analyze the condition for the transition rate
from |3/2) to |T'*) to vanish. With cotunneling included in the model, we should
analyze the condition for the transition rate from [3/2) to each |f3) state to van-
ish. In principle, each transport channel has its unique condition for the quenching,
and the interference-based quantum spin blockade will be lifted if not all channels
are quenched. However, the additional rates due to cotunneling are much smaller in
amplitude as they scale with [tF|* for the second order processes. The system still

gets blockaded in the spin-3/2 state when the sequential tunneling driven transition

(Wg*(3/2 — T)) vanishes, because the incoming rate W;“(T" — 3/2), a first order
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Figure 6.6: (a), the transport response of the LTQD in the parameter space of (£} =
Es5, E5). The transport region manifests a rounded boundary, which indicate the
states involves in the electronic transport are highly hybridized states. The transport
region is separated into two parts by a thin line of strong current suppression. This is
the region of dark channels. (b), the steady-state occupation probability for spin-3/2
states. High amount of spin-3/2 states are found exactly where the currents vanishes
in Panel (a).
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process, scales with |¢£|? and is around 5 orders of magnitude larger than by the rates

driven by cotunneling processes.

6.4.2 Symmetrical and Asymmetrical Spin Blockade

Next, we look at the SQP again with a different single-particle level spacing,
Agp = 0.25 U. In this case, we will consider a wider range of source-drain bias with
eVsq > U. Fig.[6.7a] shows the transport response, I(Vy4), of the TQD near the SQP.
We again have a symmetric I(V;,) relation with respect to the bias directions and,
therefore, the observed negative differential conductance is also bi-directional. We will
focus on the positive bias direction for the following discussion. We note that there
are 2 regions where the current is strongly suppressed in the positive bias direction in
Fig.[6.7a]. One point is at the low bias regime, eV,; < U, and the other point is at
the high bias regime such that on-site triplet occupation is allowed in the transport
window. From Fig.[6.7b], we see that the system is trapped in (1,1, 1) spin 3/2 states
whenever the current is significantly suppressed in Fig.[6.7a]. The strong current
suppression at the low bias is due to the quantum interference-based spin blockade
we described in the previous section. As source-drain bias is further increased, the
wavefunction inside the LTQD also change. Gradually one path of electronic transport
become preferred and the likelihood of quantum interference vanishes. At the high
bias, the second current suppression is identified to be the more familiar spin blockade
phenomenon in the double quantum dot, and it is characterized by an extended region
of current suppression over a wider range of source-drain bias in Fig.[6.7b]. At high

bias, hybridization of levels become insignificant, and it is instructive to look at
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Figure 6.7: (a), the transport response of the LTQD at SQP as a function of V4. At
high bias (in both bias direction), we observe a robust negative differential conduc-
tance. (b), the steady-state occupation probability for spin-3/2 states. The peaks
near the low- the figure Indeed, the current suppression is associated with the spin-
3/2 states. The much more extended current suppression is due to the spin blockade
phenomenon.
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each eigenstate as a particular localized configuration. Fig.[6.8] presents a detailed
schematics of how this high bias spin blockade is formed and lifted in the linear TQD
at high bias. The spin blockade is formed when the on-site triplet becomes accessible
in the left dot but not in the right dot in the transport window when a positive bias is
applied. Due to the phonon-induced relaxation, the on-site triplet in the left dot will
relax by allowing electron-phonon scattering to re-distribute the electron from the P
orbital on the edge dot onto the .S orbital in the central dot. When the on-site triplet
state in the right dot is still too high in energy for occupation, the system gets stuck
in this (1,1, 1) spin-3/2 configuration. This spin blockade is lifted when the bias is
further increased so the on-site triplet become accessible in the right dot too. Then
the phonon-induced relaxation will again help transfer the electron from the central
dot onto the right dot. We remark that the spin blockade does not happen in this
model if the phonon-induced relaxation mechanism is removed. From this picture,
we can derive the spin blockade regime from the parameters we used. The energies

of the relevant configurations are

E(Tl/[\g) == El + E3 + V/ == —21U y

Vs Vs
E(titste) = 2B+ A+ By + U + 2V + e6d — 191U + 66d ,
E(titets) = Ei+Ey+ B3 +2V =-21U ,

Vs Vs
E(hitsts) = Ei+2Bs+ A+ U +2V — =2 = 1910 — 66d .

For an electron to move from the left lead to the TQD, E(1113) +e.=E(111314) for an
electron energy €, < puy = eViq/2. Thus, we get eVyy > 0.57U. E(T1T213) is always
lower than E(1:1374) for forward bias, so the relaxation from | T913T4) to | T1T2Ts)

is allowed. For the spin blockade to occur, the transition from | T11913) to | T113T4)
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should not be possible by phonon emission. So, E(T:1213) < E(T11315), which leads
to eVyqy < 1.14U. Therefore, the spin blockade regime is 0.57U < eV,y < 1.14U, which

agrees very well with the numerical result in Fig.[6.7a].

Next we consider the transport response of the linear TQD at the AQP: (011),
(012), (021), and (111). We again use a five-level Hubbard Hamiltonian for transport
calculation. We put a S orbital in the left dot, and a .S and P orbitals in the central
dot and the right dot. In weak tunnel coupling limit, the 4 charge configurations
should be on resonance, and we set £y = =V — V' and Fy = E3 = —U —V. Fig.[6.9a]
show the I(Vyy) of the TQD near the AQP. As expected, the transport response of
the TQD near the AQP is very different under the two bias directions. Fig.[6.9b]
confirms the spin blockade where the current is severely suppressed in the positive
bias direction in Fig.[6.9a]. This phenomenon is in close analogy with the case of
a DQD, and can be easily explained. In the positive bias, electron is injected from
the left dot. The transition from (0,1, 1) triplet to a (1,1,1) spin 3/2 state does not
require the formation of on-site triplet. In the negative bias direction, electron is
injected from the right and transition from (0, 1,1) triplet state to a spin 3/2 state
require the formation of an on-site triplet in the right dot. Therefore, before the bias
threshold uj, = E(0,1,2*) — E(0,1,1), no spin blockade is expected to be formed.
(0,1,2*) represent a charge configuration in which one of the electrons occupies the
P orbital in dot 3. When the applied bias exceeds the threshold, the condition
E(0,1,2*) > E(0,2*,1) > E(1,1,1) is also satisfied. Thus, either due to resonant
tunneling or inelastic process, this additional electron can always be removed from

the right lead. Therefore, there is no spin blockade in the negative bias direction. We
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Figure 6.8: (a), an (1,0,2) configuration obtained from the (1,0,1) configuration when
an additional electron is charged onto the P orbital of dot 1. Due to phonon-induced
relaxation in the model, the added spins moves from P orbitals in dot 1 to the S
orbital in dot 2. However, it does not proceed further to the dot 3 because this will
cost energy. (c¢) At larger source-drain bias in the positive direction, the energy levels
in dot 3 is lowered with respect to that of dot 2. Thus, phonon-induced relaxation
assist the electron to move onto dot 2.
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Figure 6.9: (a), the transport response of the LTQD at AQP as a function of V.
The electronic transport manifest asymmetrical response with respect to the bias
direction. Similar to a DQD, current suppression is only observed in one direction of
the bias. (b), the steady-state occupation probability for spin-3/2 states. The current
suppression is associated with the spin-3/2 states.
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Figure 6.10: The transport response of the LTQD at AQP in the parameter space
(Eh E2 — E3>

remark that the spin blockade at AQP can be formed without the assistance of any
relaxation mechanism. So the spin blockade of a TQD at AQP is almost identical to
the spin blockade in a DQD. Fig.[6.10] presents the transport triangle in the parameter
space (Ey, E; = Ej3) at a positive bias. In this figure, the light trail at the tip of the
triangle is proportional to the on-site singlet-triplet gap on the central dot. This
transport triangle, although generated under the specific condition Fy = Ej3, provides

similar information that one can extract from the transport triangle for the DQD.
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6.5 Conclusion

We presented a theory of electronic properties and transport through a linear
triple quantum dot with one electron spin each. We show that the spin blockade can
serve as a spectroscopic tool for the detection of different spin states. Two different
QPs containing the (1,1,1) configuration were discussed. A multi-band Hubbard
model with five levels was used to describe the electronic properties and investigate
the spin blockade phenomenon in a LTQD. For both QPs, strong current suppression
and negative differential conductance was predicted. At the SQP, suppression in
conductance was obtained under two different source-drain bias regimes. When the
bias is small, the electronic transport involving spin-3/2 states takes place either
via the S or P orbitals in the edge dot with comparable amplitude and results in a
destructive interference. In high bias regime where electron tunnels onto the P orbital
in the edge dot, spin blockade is facilitated by spin-conserving relaxation mechanisms,
such as interaction with acoustical phonons studied here, and formation of the trap
state. At the SQP, the spin blockade phenomenon is bi-directional, in contrast with
the spin blockade in a DQD. We also discussed spin blockade at the AQP. The spin
blockade formation and lifting in this case is in close analogy to the DQD case. The
formation of the spin blockade does not involve any on-site triplets, only the lifting
of the spin blockade requires the access to the on-site triplet states in the transport
window. Similar to the DQD, the spin blockade phenomenon at AQP occurs only in

one of the bias directions.
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Chapter 7

Valence Hole Qubit in

Self-Assembled Quantum Dots

In this chapter, we present a theory of valence holes based qubits in p-doped self-
assembled quantum dots within the 4-band k& - p formalism. The two qubit levels are
identified with the two chiralities of the doubly degenerate ground state. We show
that single qubit operations can be implemented with static magnetic field applied
along the z axis (growth direction) for &, operation and with magnetic field in the
quantum dot plane, x direction, for 7, operation. The coupling of two dots and hence
the double qubit operations are shown to be sensitive to the orientation of the two
quantum dots. For vertical qubit arrays, there exists an optimal qubit separation

suitable for the voltage control of qubit-qubit interactions.
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7.1 Motivation

There is currently interest in using single electron spins in quantum dots (QDs) for
quantum information processing (QIP) applications [17, 18, 142, 32, 58, 59]. In 111 —
V' semiconductor quantum dots, such as GaAs, spins of conduction band electrons
couple to nuclear spins of the host material and suffer decoherence due to hyperfine
interactions. However, valence hole states are built from atomic p-type orbitals, which
are expected to minimize the hyperfine interaction between the hole and surrounding
nuclear spins [143]. The spin of a valence hole as a qubit is expected to have longer
coherence time. A theory of heavy holes as qubits has been developed in the single
band approximation [143, 144, 145]. The justification for the use of the heavy hole
single band approximation is that strain and QD confinement suppress the coupling
between heavy hole (HH) and light hole (LH) bands. Under such an assumption, the

qubit levels are defined by the J, = +3/2 and J, = —3/2 HH states.

In such a model, the exchange coupling J needed to generate entanglement be-
tween spins of two holes is proportional to t*/U, where t is the tunneling strength
of the hole and U is the on-site Coulomb energy. However, recent theoretical [146]
and experimental [147] work show that in two vertically coupled disk-like QDs the
spin orbit (SO) coupling between HH and LH bands changes the sign of the effective
tunneling matrix element t as a function of inter-dot distance. If the inter-dot dis-
tance is smaller than a critical value, the hole state is mainly symmetric. However, if
the inter-dot distance passes the critical value, the hole state is mainly antisymmet-
ric. These results suggest that a description of an array of hole-based qubits requires

taking into account the hole tunneling between dots with SO coupling between HH
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and LH bands. The theory of valence holes in quantum dots with strong SO coupling
has been developed already [148, 149, 150, 151, 152, 153]. In this theory hole spin is
strongly coupled to orbital motion and valence hole states are treated as Luttinger
spinors. The two HH ground states are replaced by two Luttinger spinors [152] with

different chiralities.

In this chapter, we develop a theory of qubits based on the chirality of the va-
lence hole-based Luttinger spinors. We are particularly interested in square-like self-
assembled quantum dots grown on nanotemplates [51] , which due to scalable archi-
tecture may lead to quantum information processing devices. We start with a single
hole confined in an isolated QD. We explicitly define the qubit as two chirality states
of Luttinger spinor and show how to perform single qubit operations. Our theory
reproduces results obtained earlier by Kyrychenko and Kossut [153]. Next, we in-
vestigate the tunneling of a valence hole in two orientations of two coupled square
QDs as illustrated in Fig.[7.1]. The tunneling barriers for vertically coupled quantum
dots (VCQDs) and laterally coupled quantum dots (LCQDs) are modelled as finite
potential wells, as shown in Fig.[7.1]. The tunnel barrier strength is characterized
by the band-offset between the dot and the barrier material. For VCQDs, we verify
the results [147] obtained for disk quantum dots showing the reversal of ground state
character from symmetric to antisymmetric as a function of inter-dot distance. Close
to the reversal, the vanishing of tunneling of a Luttinger spinor hole in VCQDs allows
the benefit of strong confinement defined by growth with the possibility to control

tunneling and hence double qubit operations using additional metallic gates.
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Figure 7.1: Schematics of (a) square vertically coupled quantum dots (VCQDs) of
side lengths L=20nm and height H=2nm separated by a potential barrier Vj of width
D, along the vertical direction. (b) Square laterally coupled quantum dots (LCQDs)
of same side lengths L, height H separated by a potential barrier Vj of width Dy, along

the horizontal direction.
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7.2 Model

Following Ref. [152] , we expand the wavefunction of a valence hole confined to a
nanostructure defined by confining potential V' (r) in terms of J, = 3/2,—1/2,1/2, —3/2

Bloch basis functions. The 4-band Luttinger Kohn (LK) Hamiltonian [154] reads,

pt S 0
R R P~ 0 S .
Hix = ) | +ver+sar-B, (7.1)
S O
0 S+ R pt

where I is the identity matrix, & is Planck’s constant, Q2 = hie B/myc is the cyclotron
energy, and s is a material parameter. V' (r) represents a 3D infinite potential well in
case of a single QD in this study. The operator J is the angular momentum operator

for spin 3/2 particle defined in Ref. [154]. The operators in Eq.(7.1) are defined as

follows
> h2 2 2 2
Pt = e (71 4 72) (TL" 4 T1,%) + (1 — 2792)T1.7],
> h2 2 2 2
P = 2 (1 = 2) (" +T1,°) + (71 + 2792)11.7,
. 72 /3 )
- - I
R 2m0( 3)723 )
X 72 /3
§ = 2 (2V3)ysll 1L, 7.2
2m0( )73 (7.2)

where 7123 represent the Luttinger material parameters, vo3 = (2 + 73)/2, II, =
ko —(e/ch) (A),, ko = —i{%, a=ux,y,2, and k_ = k, —ik,. For this study, we choose
InGaAs/GaAs QDs. The InGaAs Luttinger material parameters are v; = 11.01,

Yo = 4.18, and 3 = 4.84. The subscript 0 means no external field in this study.
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The LK Hamiltonian in Eq.(7.1) exhibits several symmetries that we use to char-
acterize the Luttinger spinors (the eigenstates of the LK Hamiltonian). The confining
potential along the z direction is symmetric with respect to the origin defined in the
middle of the structure; yet, due to spin-orbit coupling between different bands, our
system does not have definite parity symmetry along the z direction but the time
reversal symmetry of the system demands the two HH bands have opposite parity.
The same also holds for LH bands. This allows us to define the chirality operator

[152, 146] which reads,

i. 0 0 0
A 04, 0 0
0 0 —i, 0
00 0 —i,

where 7, is the inversion operator with respect to the z variable. The X. operator
has 2 eigenvalues, which we denote by 1, and |. In the case of x, =7, the Luttinger
spinors have even parity with respect to z for the first two components of the spinor
and odd parity with respect to z for the last two components of the spinor. In the case
of x, =], the parity pattern is reversed between the first two and last two components
of the spinor. Furthermore, square QDs also have parity symmetry in the x —y plane,
and we may define another parity operator y,, analogous to the X, by replacing i
with Exfy on the diagonal terms in Eq.(7.3), where i, and iy are inversion operators
along the x and the y direction respectively. Arguments for the x, operator also
apply to the X, operator. The only difference is that the R operator in Eq.(7.2)
involves (k_)? term which prevents further separation of  and y variables. Again,

Xay has 2 eigenvalues denoted by x,, = +1 and x,, = —1. For x,, = +1, the first
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two components of the spinor must have the same parity with respect to x and v,
and the last two components of the spinor must have opposite parity with respect to
x and y. For x,, = —1, the Luttinger spinors again have the parity pattern switched
between the first two and last two components.

The 4-band valence hole spinors in a square QD have well defined structures. The
Bloch function part of the Luttinger spinors is determined by the lattice symmetries;
while the envelope function part of Luttinger spinors is obtained from Eq.(7.1). In
our analysis, we expand the envelope function of the Luttinger spinors in eigenstates
of the 3D infinite potential well of the size of our computational box. As mentioned,
the chirality and the x — y parity symmetries allow us to label Luttinger spinors by
Xzs Xay, and N, which index the N eigenstate of subspace y, and y,,. For instance,

the N state of the subspace x, =1 and ., = +1 reads

it ™6, (0)6n(y) cos (22) 13)
CT +1,N,—1/2 o o Tz 1
[hALN) = Y L (O (Y

1,N,1/2 .
men=ipt | N e (@) (y)sin (32) 13)

n/4+m’=2p
N, -
Cjz ::52 3/2571’ (.I')fm/( ) sin (?/I/z ) o %)

CXz sXzys N,J.

where p = 1,2,3, ... are positive integers. C; "

represents the coefficient for
the envelope function of a specific component |J,) of Luttinger spinors. In our study,
we assume that the confinement along the z direction is strong, so we only need to
consider the first 2 eigenfunctions of the 1D infinite potential well in this direction.
&, (r) = \/WITCOS (%) if s, is odd and \/WZTSin (%) if s, is even. W, is the
computation box length along the r direction. |J, = j:%, j:%) represents the Bloch

functions [154] of zincblende structure with the total angular momentum projection
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J,. The other Luttinger spinors have distinguishable parity patterns derived from
Eq.(7.4) by switching either the parity pattern with respect to the x — y variable or

the z variable between first two and last two components of the spinor.

From here onwards, the Luttinger spinor is written with the components corre-
sponding to the Bloch functions in the order J, = 3/2,—1/2,+1/2,—3/2 as done in

Eq.(7.4), and we will no longer explicitly write out the Bloch functions |.J,).

7.3 Hole states in single quantum dot

In this analysis, we take the entire Luttinger spinor as a representation of valence
hole state confined in the quantum dots as opposed to adopting the HH single band
approximation [143, 144]. Due to the time reversal symmetry, we have a doubly
degenerate ground state with distinct chirality at zero field. We encode the qubit with
the chirality, y., of the ground state Luttinger spinors. We show that static magnetic
fields applied along the z and the x direction indeed act as 6, and &, operators
respectively in the qubit subspace. This result assures all the basic ingredients needed

to perform arbitrary single qubit rotations.

7.3.1 Hole under B, field

By diagonalizing the LK Hamiltonian for a square QD, we find that the 2 ground
states are characterized by quantum numbers (x, =T, Xzy = —1) and (x. =|, Xay =

+1) respectively. Let us denote the state with |y, =1) by |1), and the other state
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Figure 7.2: Energy levels of the 6 lowest lying hole states as a function of (a) magnetic
field B, (applied in the z direction) and (b) magnetic field B, (applied in the x
direction).
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with |y, =) by |0). We give an approximate form of the envelope wave functions

a&y (2)61(y)&:(2)
b€2()82(y)&1(2)
[e161(2)€2(y) + caba()&1(y)] €2(2)
[d1&1(2)&2(y) + da&a(2)61(y)] £2(2)

where & (1) = \/WZTCOS <JV—:> and &(r) = er sin <2W7T:> |0) is obtained by applying
the time reversal operator to |1). According to Kramer’s degeneracy theorem, |0) will
have the same set of envelope functions in Eq.(7.5) but complex conjugated and in
a reversed order in the spinor. Due to the strong confinement along the z direction,
the ground states of the system will contain a dominant contribution from the HH
states. Therefore, the states |0) and |1) correspond to either a +3/2 HH or —3/2 HH
occupying the (1,1, 1) orbital of a 3D infinite potential box.

To analyze the system in the presence of external field B in arbitrary direction, we
use the gauge A = (—B,y/2, B,x/2, B,y — Byx). First, we consider the system under
an external field B,. Fig.[ 7.2a] shows the energy spectrum of a single square dot
charged with one valence hole as a function of B,. We see that the qubit subspace,
the 2 lowest energy levels, are well isolated from the rest of the energy spectrum across
a wide range of applied field. Due to the weak coupling between the qubit subspace
and other excited states, we may treat the effects of B, fields by the first order Léwdin
perturbation theory [155], which is simply a projection of the full LK Hamiltonian
into the qubit subspace. The entire LK Hamiltonian is decomposed into 2 parts:
unperturbed Hamiltonian at the zero field and additional perturbing Hamiltonian

due to the field. The additional Hamiltonian with external field B, leads to P}’ =)
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operators of the form

. h2

P = 2—mo(% +72) [(w:)*(@® + ¥°) + w.(xky — yks)]
. f—%(m o) [(@:)? (2 4 ) + (o, — k)]

(7.6)

where w, = %. Whether the applied field can break the chirality symmetry y.

and the x-y parity symmetry x,, depends on the commutation relations between
p1+ ) operators and inversion operators 7, and %x%y . Since pr ) commute with %z,
the Hamiltonian can not mix the 2 spinors of different chiralities. Indeed, when we
project the Hamiltonian we find the off-diagonal matrix elements <1|FI Lk|0) =0, and

the diagonal matrix elements (1|Hpx|1) and (0|H,x|0) differ only by the Zeeman

energy. The diagonal matrix elements read,
(UHLk[1) = wQ(af® = |di]* — [da]*)(3/2) +
K= [0 + |er[” + |eaf*) (1/2),
(O[Hpk|0) = —(1[Hpkl1), (7.7)
where the coefficients a,b,c,d are defined in Eq.(7.5). As the ground state of flat
QDs has dominant contributions from HH components, typically |a|*> ~ 0.9 is much

greater than the magnitude of other coefficients. In HH single band approximation,

one simply sets |a| = 1 and other coefficients to be 0.

7.3.2 Hole under B, field

Next, we consider the system subject to a constant B, field. Fig.[7.2b] shows the

energy spectrum of a single square QD charged with one valence hole as a function of
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B,. The two qubit states are again well isolated from the rest of the energy spectrum
across a wide range of B,. Hence, we repeat the same procedure to derive an effective
Hamiltonian for the qubit. The vector potential is A = (0,0, B,y) and the P,

operators for the additional LK Hamiltonian with B, field read

R h2 2 o

P = —Qmo(%—?%) [(we)* y® — 2w, yk.]

B = I 29) [(@0) o — 2]
2m0 ’

(7.8)

where w, = 5=, We find that the diagonal matrix elements (1|Hpx|1) = (0|HLk|0),

and the off-diagonal matrix elements are given by
(UHLK|0) = (97*/|P1g?) + (6| P19 %) +
(g7 2| Py |g"?) + (g% Pr g™V %) —
(g7'218"1*%) + (¢°/%157197V/%) —

(g7%2|S1g"*) + (g"/?|S|g~%3),

1%
(71 — 272)Wy Im(dia). (7.9)

Q

where Q, = heB,/mc. |g') stands for the envelope function of the i hole states in
Eq.(7.5), for instance, (r|¢*/2) = a&;(x)& (y)€1(2). The matrix elements (g~%/2| P |g3/2)
do not suggest coupling of +3/2 HH and -3/2 HH. Rather, it actually represents the
coupling of a chirality up (x. =1) +3/2 HH with a chirality down (x. =|) +3/2 HH.
Due to time reversal symmetry, the chirality down +3/2 HH must have the same
envelope function as the chirality up -3/2 HH. Similar argument applies to all other
matrix elements in Eq.(7.9). We further remark that the off-diagonal matrix element

contains pairs of complex conjugates; thus, the matrix element is real-valued.
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The mixing of the qubit states is due to the simultaneous breaking of the parity
symmetry in the x — y plane and the inversion symmetry along the z direction; for
instance, we refer to the term yk, in both [f’f and 151’ operators in Eq.(7.8) as respon-
sible for the breaking of symmetries. The fact that we may couple the qubit states by
static fields is in contradiction to analysis done in the HH single band approximation
[144]. In HH single band approximation, the single qubit operation cannot be done by
electron spin resonance (ESR) techniques because the magnetic field cannot couple
two HH states (in the leading dipole approximation). More sophisticated techniques
such as electric dipole spin resonance (EDSR) are needed. However, in our proposal,
we define qubit states with the entire Luttinger spinor, which is an admixture of all
HHs and LHs, and the mixing of the two qubit states is due to the coupling between

the two Luttinger spinors as manifested in Eq.(7.9).

The &, operator for our proposed Luttinger spinor based qubit is essentially driven
by the Zeeman energy; whereas the &, operator is based on the mixing of valence hole
components by vector potential A and SO coupling. Due to the different mechanisms
of how the 2 qubit states are operated on by B, and B, field, the effective g factor (for
a simple spin in an external field) seems to have much stronger transverse component
[156], g1 >> g;,. Hence it takes more time to perform a spin flip process with the
Luttinger spinor based qubit. We will characterize the single qubit operating time
with the h/AE,,,, where AE,,, is the energy difference between ground and first
excited state under B, field. From Fig.[7.2b], we see the characteristic time is around
1.5 ns when B, = 1T. However, modulating the strain of the host material can relax

the QD confinement along the z direction, induce a stronger planar component of the
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g factors and improve the single qubit operating time.

Finally, we remark that the Luttinger spinor based qubits are susceptible to the
same channels of decoherence that are already discussed for valence hole confined in
QDs in Refs. [145, 157, 158, 159]. However, electric field fluctuation in the background
of the host material will not affect the Luttinger spinor based qubits. As the electric
field induced dipole transitions, (¢;|eE(t)-r|t);), conserve the time reversal symmetry,

the two qubit states, which are Kramers doublets, will not be mixed.

7.4 Hole states in coupled quantum dots

We now turn to the analysis of double qubit operations with the Luttinger spinors
based qubits. Our proposal for double qubit operations with the valence holes-based
qubits relies on the following assumptions. First, we consider 2 valence holes local-
ized in two different QDs in the weak tunneling limit and only the on-site Coulomb
interaction is taken into account. Second, we consider that each QD only contains
the two relevant qubit states. Under these assumptions, the hole-hole interacting
Hamiltonian in second quantization reads [152]

Hy, = Z ejpc;pcjp + Zt (c;p,cjp + c;pcjp/)
Jp J

1
—g Ui iyin el chociocs (7.10)
+2 J1pJ2pI3pJap ~jip Jop J3p J4p> .
]ilpy]IQp
J3psJap
p

where p are indices for QD number 1 and 2, p # ', €, is the energy of valence hole
state |j) on the p — th dot, t is the tunneling parameter between QDs, and Uj, j,jsia

is the on-site Coulomb interaction, with the matrix elements given in the appendix.

190



This Hamiltonian can be greatly simplified because the Coulomb interaction conserves
the chirality of 2 holes in the following manner: (a) if x., = X, and X.; = Xz,
Ujijsjsia = Ues (b) if X2y # Xzo and X2y # Xear Ujijojsia = Us, (€) if just one of the
valence holes switches chirality, U = 0. Taking also into account that we only consider
2 states of distinct chirality on each QD, the on-site Coulomb interactions term in

Eq.(7.10) reduces to [152]

1
2
where 7(;+) is the number operator, and j, j’ represents the 2 chirality states on a QD.
Different from electron spins, the on-site Coulomb interaction between valence holes is
composed of a direct Coulomb term U, and an exchange term U, which enhances the
overall interaction. However, apart from this difference, once we have parameterized
the tunneling parameter t and U, we have the Hubbard Hamiltonian. In the strong
Coulomb regime, the interaction between 2 localized particles in the Hubbard model
can be reduced to two spins with the Heisenberg exchange constants J proportional
to t2/U.

An interesting phenomenon [147] associated with valence holes is the possibility
of engineering ¢ to be either positive, zero or negative in a stack of vertically coupled
cylindrical QDs by simply tuning the inter-dot distance. As the exchange coupling
between 2 qubits is directly proportional to ¢2, this implies qubit-qubit interactions
can be turned on and off as needed. We would like to investigate whether the simi-
lar phenomenon will happen with square QDs stacked either in a vertical or lateral

structure.

To estimate the magnitude of ¢, we rely on a tight-binding picture in which a
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Figure 7.3: Energy levels of the two lowest hole states as a function of the inter-dot
distance in: (a) VCQDs (vertically coupled quantum dots) and (b) LCQDs (laterally
coupled quantum dots). The critical distance at which the tunneling element is zero
occurs around 1.8 nm in (a). The solid curve represents x, =1 state and the dashed
curve represents the y, =] state. Inset: The dominant heavy hole component of the
ground state before and after the crossing.

valence hole tunnels between the two dots and the hybridization of local orbitals
gives a symmetric state, 1/v/2(]1) + |2)) with energy Ey — ¢ and an antisymmetric
state, 1/v/2(|1) — |2)) with energy Ej+t. Thus, the energy gap between first excited
state and ground state is 2t. We compute the energy spectrum of a single valence

hole in a double QD by exact diagonalizing Eq.(7.1), then extract the value of ¢ from

the calculated energy gap.

7.4.1 Hole states in vertically coupled quantum dots

The potential V(r) of VCQDs is modeled with an infinite potential well along
the x and the y direction and double well potential profile along the z direction. In

the barrier region between the dots, we set a constant finite potential of 320 meV
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corresponding to the band offset between InGaAs and GaAs, same as reported in Ref.
[146], so we may draw a comparison between square-like and disk-like dots.

As shown in Fig.[7.3a], the lowest energy levels of different chirality subspaces cross
at a certain inter-dot distance. The insets of Fig.[7.3a] present the most dominant
HH wavefunction profile along the z direction of the ground state before and after
the crossing point. The wavefunction plots show the reversal of symmetry for the
ground state of the system. Similar phenomenon occurs in both square and disk
dots. These results confirm that the effects of HH and LH mixing is insensitive to
the confining potential in the z — y plane. These results also imply that we can shut
down any undesirable hole - hole interaction between holes localized in different dots

if the inter-dot distance is chosen at the point where the crossing occurs in Fig.[7.3a].

7.4.2 Hole states in laterally coupled quantum dots

The potential of LCQDs is modeled similar to that of VCQDs except that the
double well potential profile lies along the y direction. Our result, Fig.[7.3b], shows
no crossing of lowest energy states from distinct chirality subspaces. We understand
that the confinement strength along the z direction plays a crucial role in determining
how much HH and LH bands mix, because QDs are quasi-two dimensional devices
with a much smaller dimension along the z direction. In the case of VCQDs, the
coupled dots relax significantly the confinement strength of the hole states along the
z direction and bring the LH and HH energies closer. However, a LCQDs structure
relaxes confinement strength in the z — y plane which does not facilitate the mixing

of HH and LH states. Hence no reversal of the ground state as a function of the
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distance is observed.

7.5 Conclusion

In summary, we consider the Luttinger spinor description of confined valence hole
states in QDs. We identify the two qubit levels with two chiralities of the lowest
energy Kramers doublet and suggest that B, and B, fields act analogously to the &,
and &, operators. For arrays of hole qubits, we study tunneling of holes in vertical
and lateral architecture as the mechanism facilitating the qubit-qubit interaction. We
show that tunneling can be arrested for vertical pairs of quantum dots but not for
lateral architecture. The capability to switch the sign of the effective tunneling ¢ in
VCQDs is demonstrated. This suggests the possibility of turning off the exchange
interaction. With such exchange interaction being very small one can envisage tuning

this interaction with additional metallic gates.
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Chapter 8

Conclusion

In this thesis, we have presented studies of electronic and spin properties of quan-
tum dots. The detailed knowledge of how these properties depend on external fields
and gates help us to manipulate these nanostructures for potential quantum informa-
tion storage and processing. Furthermore, we derive low energy effective Hamiltonians
for quantum dots because quantum information processing involves only a few states
in the device. Effective Hamiltonians provide the benefits of a simpler view of the
physical system, and makes the connection between model of quantum circuit and
the physical system more transparent. The rest of this chapter presents a summary

of the key points in each of the previous chapters.

In Chapter [2], we presented a detailed analysis of the electronic and spin proper-
ties of triple quantum dot as a function of number of electrons, bias on the central dot,
topology, and magnetic field. A 4-electron triangular triple quantum dot undergoes
triplet-singlet transitions under biasing of the central dot. This unique feature leads

to the proposal of an artificial spin-1 chain discussed in Ref. [132] and Chapter [4].
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A triangular TQD undergoes Aharonov-Bohm oscillations in the presence of a mag-
netic flux. With N, =2 / 4, the system undergoes periodic singlet-triplet transition
(triplet-singlet transition) until the Zeeman energy takes over and prefers a polarized
ground state. At half-filled, the chiral states also undergoes oscillations but with a

much smaller amplitude.

In Chapter [3], we showed that a half-filled triple quantum dot can indeed be
used as a coded qubit, originally proposed by DiVincenzo et. al. [25]. We laid out
all the necessary ingredients for a chirality-based coded qubit by providing the de-
tails of preparations, initializations, and coherent operations of coded qubits in triple
quantum dot molecules. We derived an effective qubit-qubit interaction assuming the
form of Ising interaction. We also studied the robustness of the coded qubit against
fluctuating charged impurity induced decoherence, and found the coded qubit has a

long coherence time in the presence of electrostatic noise.

In Chapter [4], we showed the emergence of macroscopic quantum states in a chain
of triple quantum dot molecules, each is charged with four electrons (or two holes).
The electrons localized in the molecules realize a spin-half Heisenberg chain with spin-
spin interactions alternating between ferromagnetic and anti-ferromagnetic. When
ferromagnetic interaction is much stronger than the anti-ferromagnetic interaction,
the system can be viewed as an artificial spin-1 chain studied by Haldane. As the size
of the chain increases, the system develops a large energy gap, also known as Haldane
gap, which isolates a few states from the rest of the spectrum. These few isolated

states are very robust and may be used for quantum information processing.

In Chapter [5], we showed how to generate and measure Berry’s phase with a
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generalized Herzberg’s circuit in a triangular triple quantum dot.

In Chapter [6], we presented a theory of sequential tunneling and spin blockade in a
linear triple quantum dot at 2 different quadruple points: symmetric quadruple point
and asymmetric quadruple point. At the symmetric quadruple point, the system is
trapped in a quantum interference-based spin blockade. At the high bias, we find that
the spin blockade is symmetric with respect to bias direction, and the spin blockade
is facilitated by some spin-conserving relaxation mechanism such as interaction with
phonons. At asymmetric quadruple point, the spin blockade phenomenon in a triple
quantum dot is similar to the spin blockade phenomenon in a double quantum dot.

In Chapter [7], we presented a theory of valence hole-based qubit within the 4-band
k-p formalism. The qubit was represented with Luttinger Kohn spinor containing both
heavy hole and light hole components. We showed that single qubit operations can
be implemented with static magnetic field applied along the z axis (growth direction)
for 6, operation and with magnetic field in the quantum dot plane, = direction, for
0, operation. The tunneling of the valence hole qubit is sensitive to the orientation
of how two quantum dots are coupled. When two quantum dots are coupled in the
vertical direction (also growth direction), there exists an optimal qubit separation

suitable for the voltage control of qubit-qubit interactions.
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Appendix A

Linear Combination of Harmonic
Oscillator - Configuration

Interaction

In this appendix, we fill in the details of the LCHO-CI calculation. In Sec.[2.1.1],
the LCHO-CI formalism is introduced to study electronic system confined in a nanos-
tructure. However, technical details such as the derivation of Fock-Darwin states (the
basis of the single particle orbitals), and the evaluation of Hamiltonian matrix ele-
ments including the Coulomb scattering matrix elements are omitted in the main

text. These details are provided here.
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A.1 Single Particle in a Parabolic Dot with Mag-

netic Field

Consider an electron is confined in a 2D parabolic potential and in the presence
of an external field, directed perpendicular to the 2D parabolic potential. The single-

particle Hamiltonian reads,

- 1 e 21
Hpp = Sy <P + EA(r)) + Em w(z) (x2 + y2) , (A.1)

where ¢ is speed of light, —e is electron charge, m* is the effective mass, wy is the

confining frequency of the parabolic potential, and the vector potential A(r) = %B X

r = & (—yi + z9) and B = BZ. Substituting the explicit functional form of A into

Eq.(A.1) and expanding the canonical momentum operators, Eq.(A.1) can be written

as
- 1 eB \° eB \? *w
H — Y — — el 0 2 2
FD pye ((p 5 ?J) +(Py+2695)>+ 5 (@ +y°)
Ly 2y, Wes miwp 2
_ sy , A2
where L, = —Ypy + Py, is the z component of the angular momentum operator, and

wp, = \/m is the confining frequency with cyclotron frequency w. = eB/m*c.
We ignore the spin degree of freedom since the quantization axis of the spins is parallel
to the applied field, and there is no spin mixing term in the Hamiltonian.

Before we solve the Hamiltonian, we first transform it into an dimensionless form.

We introduce effective Bohr radius, ag, and effective Rydberg, R,, for the unit of
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distance and energy, respectively,

eh?
= A3
2 * 4
R, — - _me (A.4)

2m*af  2€2h?’
where ¢ is the dielectric constant.

The dimensionless Hamiltonian reads,

1

. 1
Hpp = -V3—V2+ -Q.L:
FD Vgc Vy+2 +4

Q2 (32 + 7°), (A.5)

where the tilda ~ is used to represent dimensionless quantity, such as & = z/ao,
Qeny = hweny/Ry. For simplicity, we drop the tilda with the understanding that all

variables are now dimensionless in the rest of this appendix.

A.1.1 Fock-Darwin Orbitals

We introduce a pair of complex variables,

z = x+iy, (A.6a)

zZ = x—1y, (A.6Db)

and corresponding differential operators,

1 :
0, = 5(096 — 10y, (A7)
1 :
0 = 5(690 +10,). (A.8)
The newly defined variables satisfy the commutation relation [z,0,] = [Z,05] = —1,

and commutators of all other combinations of z, z, 0., and 0; are zero. Furthermore,
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z and Z form a Hermitian conjugate pair, and 0, and -0; form another Hermitian
conjugate pair.

Substituting the complex-valued variables into the Hamiltonian, Eq.(A.2), gives

~

1 1
HFD = —4@85 + 5 (z@z - 285) + ZQ%LZE

1 1 Q

1 4 4 4 4
— —Q2 —_ —0)- > PR ~ I I
S ({z Qhaz] {z + Qhaz] + {z Qh&z] {z+ Qh&z})

Q 2
= Q (afa+b'0) + Q) + % (a'a —b'b)
= QO <aTa + %) +Q_ (bTb + %) 5 (A.9)

where Q. = Q) £ % In the last two lines of Eq.(A.9), we introduce the creation and

annihilation operators,

gt = %(V?g— V;_ha), (A.10a)
6 = %(‘/S_hﬂ &az), (A.10b)
b — %(@z—l— &az) (A.10d)

These operators also satisfy the following commutation relations, [a, aT} = [b, bT} =1
and [a,b] = [a, bq = [aT,b] = [aT,bT} = 0.

The transformed Hamiltonian, Eq.(A.9), represents a 2D anisotropic harmonic
oscillator with different hybrid magnetic frequencies. The eigenenergies of the system

read

€nm = hw, (n + %) + hw_ (m + %) , (A.11)
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and the eigenstates (also known as Fock-Darwin (FD) states) are given by

) (5t
|nm) = ()™ 100) . (A.12)

A.1.2 Fock-Darwin Orbitals in terms of Harmonic Oscillator

Orbitals

In order to evaluate Hamiltonian matrix elements, it is important to know the
spatial representation of the FD orbital, (r|nm), which can be obtained in several
different ways. Here, we will express the FD orbitals as a linear combination of
harmonic orbitals (HO), solutions of the quantum harmonic oscillator problem. We
now study an auxiliary problem, a 2D quantum harmonic oscillator with confining

frequency wy,

= (aT a; + aLay +1), (A.13)

T
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where the creation/annihilation operators are defined as follows

al = % %x— Q%m), (A.14a)

0 — % %H\/gvz), (A.14b)

aL = % %y— Qihvy), (A.14c)

a, = % %x—i— Q%%), (A.14d)
and they obey the commutation relations [ax,al,] = [ay,a;ﬂ = 1 and [as,a,] =
[al,am =0.

Based on Eq.(A.6), Eq.(A.10) and Eq.(A.14), we can relate the FD orbital-based
creation/annihilation operators to the auxiliary HO orbital-based creation/annihilation

operators,

al = % (al + ia;;) : (A.15a)
1 :

— E (az zay) , (A.15b)

_ % (al — ial). (A.15¢)
1 :

= % (ay — ia,) (A.15d)



With these relations, we find

nm) =

al + iaL)n (al — iaL)m |00)

n+m—k—l k+1
= \/W Z)l (ajc) ! ( ) " | OO>
k=0 l=0

mzn STL

e O (nCk) (mCag) (i) b (al)"™ 7 (af)*[00)

k=maz(0,s—m)

n+m
s=0
n+m
ZA;”” n+m—35,8) g0 (A.16)
5=0

where |nm) ;o = (%)T 100) ;;0, and |00) = |00) ;. We remark that the auxiliary
quantum harmonic oscillator is specifically chosen such that the FD state |00) is also
the ground state of the auxiliary quantum harmonic oscillator. The coefficient A7 is
defined within the bracket in the fourth line of Eq.(A.16). The combination notation

denotes

mCr = = m (A.17)

In the spatial representation, we denote

<I'|7LTTL>HO =

) fvm () e (G ) o ()

(A.18)

where the hybrid magnetic length is given by [, = ,/Qih. The spatial representation
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of FD orbitals are then given by

(rlnm) = ¢Pnm(r),

n+m

s=0

A.2 Single Particle in a Multi-Dot Device

Next, we consider a system of Ngp tunnel-coupled quantum dots with Np;, plunger

gates. The single particle Hamiltonian reads,

A 0 2 Ngp Npr,
i, = (—zv + éA(r)) = Vix)+ ) Vi,(r), (A.20)

i=1 j=1
where the confining potential V;(r) is given in Eq.(2.2) and plunger gate potential

V(1) is given in Eq.(2.3). We define the dimensionless gauge A = LB x r with unit

2
direction vector B. Not explicitly shown in Eq.(A.20), however, it is useful to also
define Qg; = \/417;) / 0?3 = hwo/R,, which is the dimensionless confining frequency of
a harmonic oscillator localized on dot j.

As discussed in Sec.[2.1.1], Eq.(A.20) is represented as a Hamiltonian matrix in the
basis of FD orbitals localized on quantum dots. The Schrodinger equation becomes a
generalized eigenvalue problem, Hy,a = eSa. Now, we show how to evaluate matrix
elements of overlapping matrix S and single-particle Hamiltonian Hi,.

In previous section, we derived FD orbitals, (r|nm) = ¢y, (r), which are solutions
to Eq.(A.5). In the current section, we have FD orbitals localized on different orbitals,
so we introduce an additional index i such that (r|inm) = ¢, (r) denotes the (n, m)
FD orbital in the i-th dot. In the absence of any external magnetic field, one finds

Ginm(r) = Gpm(r — 1r;) with r; is the position coordinate for the i—th dot. However,

214



in the presence of a magnetic field, ¢, (r — r;) and ¢,,,(r — r;) are related by the

gauge transformation

Pinm (r) = exp (—Z% (—yir + xz?J)) Grm (T — 1), (A.21)

where the factor exp (—i% (—yix + xly)) corresponds to the standard gauge transfor-
mation to get vector potential centered at the global origin, A = %(—y% + xy), from
the vector potential centered at the local origin, A; = 1 (—(y — y;)& + (= — z;)).

Now, we have an explicit definition of the single particle basis {@inm(r)}.

Next, we consider

Soor = (inmli'n'm’)

_ / dX @ (1) (1)
/

=S > @ far

=0 [=0
o (~ iy )a+(@i—z;)y) <¢ffny (r — ri)> ¢%?n; (r—ry), (A.22)

where a and o/ are composite index for (i,n,m) and (¢/,n’,;m’) of FD orbitals, re-
spectively. In the last line of Eq.(A.22), we introduce (n,,n,) = (n +m —[,1) and
(n;,n’y) = (n"+m' = 1I',l'). The product of localized harmonic oscillator functions

r—r;)o., -, (r —ry) can be expanded explicitly with KEq.(A.18). us the last
"o ffgly b ded licitly with Eq.(A.18). Thus the 1

Ny Ny
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line of Eq.(A.22) can be written as

n+mn/+m’

S E E Anm n'm’ 1 1
4 7 7
= 2l nm'ny'n;'n;Q”ﬁ"y*”ﬁ"y

1=0
. )2 (z—=z; )2
T —xp\ 2~y )p) g T
| —— | e hi hi!

r — I;
x | deH, | —— | H,
/ : ( \/ilhz ) ’ \/élhi/
Y=Y Y — Yir i9e (2, -y )y) - Wy _lmyn?
x [ dyH,, | === | Hu, | == | e ' hi Y (A.23
/ Y ! < \/§lhz ) Y ( \/§lhi’ ) ( )

where the last two lines indicates that the integral is a series of integrations of product

of Gaussian functions and Hermite polynomials. In general, analytical formula exist

for this kind of generalized Gaussian integrals. We now show how to derive them.

First, we explicit expand the Hermite polynomials in the definition of the HO

orbitals, Eq.(A.18). For instance, we consider
T — x; e -\
LU R T
: ( V21, ) ; " ( V21, )
= 2 i ) Ok
i=0 =

- ;{Z <\/_lhz) K= )_k}zk
= i:ank(xi)xk, (A.24)

where h,, ; is the coefficient associated with z° term of the Hermite polynomial
H, (x), and the coefficientB,, ;(x;) is defined in the bracket in the third line in
Eq.(A.24).

Similarly,

T — Ty
Hn/ . B r K $Z . A.25
’ ( V2 ) Z ! ( )

/7
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Thus the product of the two is

T — T T — Ty nm " /
W | ——H, | —~) = B, () Bur g (i)™
I(\/ilm) z(\/élm/) ()

mm(s ng)

k:O
- Zm{ B 1(2:0) Bug () p 2,
0
o
Z Cy(
=0

k=max(0,s—n’;
(N, s x4, w40) 2, (A.26)

where the coefficient Cy(n,, nl; x;, x;) is defined in the bracket in the second line.

Finally, we define a generalized Gaussian integral formula

I(n;a,b,c) = / dyg™e (07" thrte)

—00

n/2]

b —dac b n—2k! (2/{7’ + 1)!! 2K/ +1
== T - A2
Z CZk ( ) 2k/<2k/ + 1) \/’TTCL 2 ( 7)
Using Eq.(A.26) and Eq.(A.27), Eq.(A.23) can now be written as

n+m n'+m’ '/ /. / .
Z Z (AP AR Cy(ng, nly; a4, 20 ) Co (ny, 0 — Y5 i, yir)

’ / )
Zﬂlhzlhz nxlny!n;!n;!Qngg—kny—&-nx—kny

><I(s, am,bx,cx)f(s s ay, by, cy), (A.28)

where the new variables appearing in the last line are defined as

1/1 1
P G A2
v = iz w) 420
L[ i 2
by = —= (%erg )H—(yi—yw) (A-29D)
lhz lhl 4
1 x?
o= — (= i A2
« = 1(5+2) 4290
1/1 1
_ b A.29d
w =iz 29
1 Y; Yi 4QC
by = 3 (12 +12 )_’_ZZ(’IZ_:E’L/) (A29e)
hi hi’
IR T
- | Z A.29f
‘ 4(1,%1- z) 290
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Eq.(A.28) gives a general expression for the calculation of the overlap matrix

elements between any two FD states in full analytical form.

Next, we turn to the discussion of the single-particle Hamiltonian matrix elements,

(o/|H,y|a). For each state |a), we decompose the single-particle Hamiltonian as

follows,
0 2 Nop Npr
- . — C X /~ HO "~ g ~
H,, = <_N + 7A@)) + VHO 15V, + Z Vi(F) + Z Vp,(F), (A.30)
J#i =
where VHO = —V? 4+ £((2 — 2,)> + (y — y;)?). This decomposition is desirable

. N 2
because the state |«) is the eigenstate of the Hamiltonian: (—iV + %A(f‘)) + VO

with eigenenergy €;,,,.

With Eq.(A.30), the matrix element read

A

<O/’H’Ct> = €inmsa’,a + <O/’(S‘/Z/’C(>

Nep Npp
+ ) (d|Vj]a) +Z (o |Vi,5]a). (A.31)
J#i

We now procced to deriving analytical expressions for the last three matrix elements

in Eq.(A.31).

First, we consider

(@lVila) = (o] = V2 exp (=gl ) — (<0 4 (0 —2)* + (y = )*) o)

= —V%d/|exp <_((x_”‘”)

d;(y Yi) > \04) + VOSa o
— % (& |(z = 2:)?|a) + (|(y = wi)?|v)) (A.32)
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where

(al(z — z:)2|o’) = Z Z Z Z
([

X1(s';ay,by,c,),

n+m n'+m/ ngtnl, nytny

ZZZZ

=0 U= =

(al(y —yi)*la’) =

X (I(s —i— 27 ay, by, cy) —

XI(SI; Qg bw; Cac)y

and

—((z—x;)? —y;)?
(o/|exp< « Jdi;r(y Yi) )) la) =

:c+n Ny +’I’L

Anm Aﬁ m’ (nz:nz;xmx /)C /(ny: y:yzvyl )

27rlhzlh1 \/n 'n, '7’7,1/'7’7/ '2nz+ny+nz+n

=0
(s +2; ax,bx,cgc) 2:761-[(3—1—1,ax,bx,cx)+xf[(s;ax,bx,cx))

(A.33)

Anm Aﬁ m’ Cs(nanf;@i,@, ) Cor (Ny,y3yi,Y,0)

2mlpilp \/n g, Iy In!, 1gne+ny Fng+ny

2%](8 + 17 ayv by’ Cy) + yz I(‘S aya byv Cy))

(A.34)
n+m n'+m’ nz+nk ny"‘”;
=0 I'=0 s=0 s'=0
(Al"m)*Al'ﬁlml Cs(na nl;@i,@, ) Cor (y 0y 3y3,Y,1)
27lply \/’flgc!néc!ny!n’ !2nz+”y+n§g+n§,
1 T x?
xI(s;a, + —,br —2—, ¢ + =)
2 ) X 27 .7,‘ 2
& & &
1 Yi vi
/. ? 1
xI(s';a, + @,b 2d2, y + d2) (A.35)
1

Next, we consider matrix elements for (o/|V;(r)|a), where Vj(r) is a Gaussian
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potential, and the matrix element is actually similar to Eq.(A.35). It reads

(. —2;)* + (y — )

e e

12 !
n+m n’+m’ ng+nl, ny+n,

DI I IDS

=0 I'=0 s=0 s'=0
(AP A™ Cy(ng, nly; x5, ) Cy (12, 105 Yis Yir)

27 lpilnir \/nm!ng!ny!n;!Z”ﬁ”ﬁ”H%
1 l’j 1’?
xI(s;aw + d_i’ bx — Qd_?’cx + d_?)
/. 1 Y; yJQ'
XI(S,ay—l—d—?,by—Zd—?,cy—}-d—?). <A36)

Finally, we consider the last type of matrix elements,

(@'|V,;(r)|a)

52

~2
V3. (o] exp (— ) ——J) )

2 2
ij Dyj

’ ’
n4+m n/4+m’ ne+nl, ny+tny,

LD DD B

=0 I'=0 s=0 s'=0
(Apm)* Ap™ Cy(ng, ng; @i, ) Cor (ny, iy v, yir)

2wl \/n In/ |nyln/ 19na+ny+ni+n,
o!nfInyInt !
X //dxdy z°y* exp (—(A2® + By? + Cxy + Dz + Ey + F, + F,))

(A.37)
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where the parameter in the last line are defined as follows

1 1 cos’n;  sin®n;
A = o + ’ ! (A.38a)
2 2 2 2
Al Ay D3 Dy;
1 1 sin’n;  cos®n;
B = o= + 5 ’ (A.38b)
2 2 2 2
Ay Ay Dz Dy;
: 1 1
C = 2cosn;sinn; D_?CJ — _ng : (A.38c¢)
1z oy Q
b ()
2\, i)
cos’n;  sin’n; 1 1
—2x; < ) 4 3) — 2ypj cosn; sinn; (— — —) (A.38d)
Dz; Dy; D3, Dy
1 Yi Yi .Qc
E = — |7 — T — Xy
(i) +i e
.. 9 2
sm”1n; - COoST1); . 1 1
—2yp; ( s+ —5 ) — 2xj cosn; sinn; (—2 — —2) (A.38e)
D:L“j Dyj Dyj ij
. cos®n; sin’n;
F, = i i 2 j j
ag ag, T ( D2, D% )
+ i ( ! ! ) (A.38f)
TBjYB; COST); SINT); =yl .
Dzj Dyj
2 2 2 .2
Y; Y 2 COS 77] Sin ?7]
F, = :
s = b 0, D )
n . 1 1 (A.389)
Tpjypjcosn;sinng; | — — —- .
B]yB] 77] Uk Dzj Dij ) g

where we replace zp; and yp; with their definition, Eq.(2.4), when we derive these

parameters.

Due to the cross term Czy in the last line of Eq.(A.37), we can not directly

separate x and y to get two independent Gaussian integrals as we have done for

all the other expressions. A change of variable is desired to obtain two decoupled

variables.

More explicitly, we define ¥ = y + (C/2B)xz. We can decouple the two variables
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as follows,

Az® + By* + Caxy + Dz + Ey + F, + F,

C cz\*\ 2
= Ax2+B<y2+§x+(£)>—Ea: +Dx+ Ey+ F, + F,

C? CFE
= [A-— D— — F,+ B(y/)>+ Ey + F,
( 43) ( 2B>x+ >+ By) + Ey + F,

= A2 + b+ + Ay ()2 4 by + Gy, (A.39)

where the new expression in the last line has the two variables, z and v, decoupled.

The definitions of @, y), by, and ¢,y are given above.

Thus, the double integral in the last line of Eq.(A.37) can now be written as
O s ~ 2 g ~ ~ N2 7 / ~
dedy'z® [y — ot exp (—(azvsc +byx+Cp +ay (Y)" + by + cy>
k ~ ~
Z 1 C ( ) I(s + k;agz, by, &) I(s" — k;ay, by, ¢,). (A.40)

Substituting Eq.(A.40) in place of the last double integral in eq.(A.37), and the

matrix elements now read

ntmn/+m/ ne+nl, ny+n * ;
nm
(/|Vj(r E E E VO Al ™ Cs(namiyswinm ) Cor (ny ny iy )
J 27rlmlm \/ ng+ny+nk+n}
ng!n’ In,n! 127 THY T Ty
I=0 I'=0 s=0 &'=0 FeTV Ny

/

$ N7 0 C (=2 I(s + k3 gy by ) (' — k3 1y, by, ). (AAT)

2l

Now we know how to compute the single-particle Hamiltonian matrix elements
and the overlapping matrix elements with analytical formula. We can diagonalize the
Hamiltonian as described in Sec.[2.1.1] to obtain the single-particle molecular orbitals

and associated energies.
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A.3 Many Electrons in a Multi-Dot Device

With respect to the basis of single-particle molecular states, we can write down

the many-body Hamiltonian in the second quantized form,

. 1
HNe = Z G’YidLiad%‘v" _I_ 5 Z </Y7;’yj|‘/C|’yk’)/l>d’.l;/i,o'd’-:/j,a"d'ylvald'Yk707
1,0 i,5,k,l,0,0"

f{sp + [:Ieea

(A.42)

where v's are the single particle molecular states with eigenvalues e.,;. The Coulomb

matrix elements are defined as follows

il Velyen) = / dr / dr'%(r)%(r’)iw(r)%(r')- (A.43)

r—r'|
We solve Eq.(A.42) by the configuration interaction (CI) approach with N, elec-
trons. The first task is to build all possible configurations of electrons occupying the
spin-orbitals (v;, o) obtained by the LCHO method. In order to properly construct

the configurations, we first set the order of the spin-orbitals as follows

oc=7T and o' =|
(Vi,0) > (v5,0") if or (A.44)

oc=0 and 1>}

\

and the creation operators of smaller spin-orbitals are placed further away from the

vacum state when we explicitly write out a configuration in the second quantized
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form. Thus a configuration |qy,) with N, electron read

N.) = (M4, Mopy oo o3 M, Mgy v v
lan.) [nin% T3 -) N.
Norb q Norb a
_ o) R
o H <d%,¢) H (%n) 10)
i=1 j=1

= H d', .10) (A.45)

o
’y]]

where n} is the number of electron in the spin-orbital (v;, ;) for the configuration
lan,), and (7], 0%) is the j — th spin-orbital for configuration |g). Nop is the size
of the single-particle basis, and also the number of single-particle molecular orbitals.
The electron number operators ny. satisfy the constraints ZN"{” nl = N.. For the
rest of the discussion, we will drop the subscript N, on configuration |gy,) with the
understanding that all configurations mentioned belongs to the N, subspace.

The matrix element of the first part, ]:[Sp, of Eq.(A.42) is simply given by

Norb
() = b0y Y 1 ori, (A.46)
i=1,0

where 9, is the Kronecker delta.
Next we look at the matrix elements of the electron-electron Coulomb interaction
term, H,.. We first need to evaluate the matrix elements in Eq.(A.44). To remove

the singularity in the integral, we apply the inverse Fourier transform,

) 1 eiq-(r—r') 1 0 2 e
0 0

and substitute Eq.(A.47) into Eq.(A.44) to get

ovlVelwn) = £ J57 da o dby [ deos (v)e'smys, (x) [ dr'es ()™ g (). (A 48)
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The matrix element of the plane wave can be calculated as follows

ale @™y = Y (ai)" ag{ale@T|o’)

!

- Z ((Ié) /dr¢znm( ) iq.rgbi’n’m’(r)
= Y (ai)" abIpw(a, 0’ gcos b, gsinb), (A.49)

where a/a’ represents composite index for (i,n,m)/(i'n'm’), and the plane wave

integral Ipw (o, &'; ¢z, qy) is defined as follows

ndm n/+m! ng+nl, ny+ny '
I (a o A”m AT Cs(ng nl;ws,y ) Cor (Mg 0 Y,y
PW 5 y 4z, Qy E E : z : z : 27rl2 \/n I Im? In |2nz+ny+n§5+n@
I=0 I'=0 s=0 &'=0 @ Ty M Ty
. ; /. :
X1 (s; a5, by + 14y, c2) ("5 ay, b, +igy, c,). (A.50)

Thus, from Eq.(A.49), we get

il Velmn) = % X pap (@) (ah) ataly

X [ dq [ dOgIpw (c, o 4oy @) Ipw (B, B3 s —ay)-

(A.51)
Now, the Coulomb interaction matrix elements read
~ 1
<Q‘Hee|q/> - 5 Z 7z7j|v ’7k7l>< ’dTZ o WJ d ,la/d’yk,a|ql>
oy
1 .
= 5 Z 717]|V‘7k71 (%ql;%]vka l)> <A52)
g,k
where
G(Q7qlv7'7.]7k7l) = Z<q|dTla Yjo d'y,la’d'yk,a|q/>- <A53>
Putting Eq.(A.46) and Eq.(A.52) together, we have the matrix elements,
No'rb
(q |HNe|q = Ogq Z anE’YuU +3 Z (il Vel G(a, 54, 3, k. 1), (A.54)
i=1,0 ,],k‘ l
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Appendix B

Lowdin Perturbation Theory

In this appendix, we discuss details of Lowdin perturbation theory, which has
been applied to derive effective Hamiltonians, such as ¢ — J model and Heisenberg

model of a triple quantum dot.

B.1 Division of Hamiltonian and Hilbert Space

Consider a general Hamiltonian of the following form,
H = Hy + Hj, (B.1)

where H, is assumed to be a Hamiltonian that we can solve exactly, and H; is assumed
to be a perturbation. In this formalism, we adopt the eigenstates of Hy to be the
basis for matrix representation. Furthermore, we assume there exist gap in the energy
spectrum of H, such that the low energy states are grouped under a subspace Dy,

and the high energy state are grouped in the subspace Dg. The Schrodinger equation
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in the matrix form reads,

Hia Hyp ay aa
=e (B.2)
Hza Hpp ap ap

The goal is to perform transformation to uncouple the two sub-matrices Hs4 and

Hpgg, so we can just focus on the sub-matrix Hy4 with a restricted set of states.

B.2 Analytical Transformations

Consider a unitary operator,

A

P N 1 - N
U:eZS:]+iS—§SQ—%S3+... (B.3)

where S is a Hermitian operator. We perform the unitary transformation,

i - UTF[U:([—z’S‘—%§2+é§3+...>ﬁl([+z’§—%Sz—éé?ur...)
_ mi[ﬁ,g]_%[[ﬁ,g],g}_é[[[ﬁ,g},g],g}+... (B.4)

In this appendix, we consider all operators are represented as matrices with respect

to the eigenbasis of the unperturbed Hamiltonian, Hj.

We make an order by order expansion of operators S and U,

S = SW 4 8@ 8B 1 (B.5a)

U = U9 4+u®W4u®4+u® 4 (B.5b)

where the order is defined with respect to H;. Up to the third order, the two set of
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matrices are related by

U = g

U0 — s,

u® _ ZS(Q)_%(S(U)Q?

Uu® = s® %(s<1 S® + s s<1)—%(s<l>)3. (B.6)

Higher order relations can be derived from Eq.((B.3) and Eq.(B.5). Similarly, we

decompose the newly transformed Hamiltonian as follows,

H; =H" +HY + H® + H® + ... (B.7)
where

H® = H,, (B.8a)
HY = H, +i[H,,SY], (B.8b)
H® = i [Hy, 8] 4 [H,80] - [[Hy,$V], 8], (B.8c)
HO = i [Hy, 8O 4 [H,, 8] - [[Hy,8V] s?)

_% [[Ho, 5] ,80] - % [[H,,50],SV]

_é [[[Hy, 8], SM], 807, (B.8d)

Again, high order of H™ can be derived in the similar fashion.

When the unitary operator U is expanded and kept up to order n for the trans-
formation described in Eq.(B.4), we denote the n-th cut-off transformation as Ugc”) =
S U® and the approximate Hamiltonian H = Y" ,HD. We make several
remarks at this point. First of all, Uf" is not a unitary matrix because the ma-

trix product (U(”))T U™ contains off-diagonal matrix elements proportional of the

228



(n + 1)-th order. In other words, U;n) looks unitary up to the n—th order. Secondly,
T
Hscn) is not identical to the transformed Hamiltonian, <U§cn)> HUEZL), which contains

)

perturbative order up to 2n. Rather, ch" is the sum of the transformations up to

the n-th order and discards the rest.

The strategy of the perturbative expansion is to find a sequence of matrices,
SM s@ . S™ guch that the approximate Hamiltonian, chn) is exactly block-
diagonal up to n+ 1-th order with two sub-matrices corresponding to the D4 and Dpg

subspaces respectively.

We now present the analytical derivation of S™ for n = 1, and 2. In this thesis,
many effective models, such as t-J model and Heisenberg model, are derived with

perturbative expansion up to second order.

B.2.1 First Order

The first order of the approximate Hamiltonian, H® is given in Eq.(B.8b). Let
us denote upper and lower off-diagonal blocks as HS])B and Hgi1 respectively. The
matrix elements of the two off-diagonal matrices are related by <H541])9>ij = (HE&.);
Thus we only need to find S to fulfill the condition

Hfaxlz)a = (Hl)AB + 1 [HO’ S(l)}AB =0, (B'9>

and the other off-diagonal block, BA, will automatically be satisfied.
Let us study Eq.(B.9) in some details. The commutation between the two matri-
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ces, [Hp, SW], can be written as

[Hm S(l)} _ (HO)AA 0 S(Al,)ax SE411)3
0 (HO)BB ng)ax SSBlf)B
Sia Sip | [ (o, 0
Sii Shi 0 (Ho)pg
[ (o) aShh — SRk (Ho)uy  (Ho)us Siip — Ship (Ho) s
(HO)BB Sg,)cl - Sg,)ax (HO)AA (H0>BB Sg)B - S(B})B (H(])BB

(B.10)
Eq.(B.9) requires,
[Ho,SW] =i (Hy),p (B.11a)
= (Ho) 4 Siip — Slp (Ho)pp = i (F) 45 (B.111)
In terms of matrix elements,
(Hlo) . Sii/ — Spy’ (Ho)y = i (H)y, (B.12a)
= (=) Sy =i(H),, (B.12b)
— S = ié}fl)e?, (B.12c)
for all states k& in D4 and states [ in Dp.
By Hermitian property of S,
S = (Sw)" = % (B.13)

for all states k in D4 and states [ in Dg.
Since Eq.(B.9) does not involve SE;I)4 and Sgg, we are free to set them to zero

matrix.
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With the defined S, the first order transformed Hamiltonian reads,

HO — (Ho) 44 + (Hi) 44 0 (B.14)

0 (Ho)pp + (Hi)pp

B.2.2 Second Order

Following the same line of logic, we would like to find S, which satisfy the

following condition,

HE), =i [H,8®) ,, +i[H,,8V] , — % ([Ho, 8], SM], =0, (B.15)

AB AB

where SV is given in the first order derivation.

We again expand the commutators of matrices and get

[Hy,S?] = (Holaa Sita — Si (Ho)aq  (Ho)ay s%h — 8%k (Ho)pp
’ (Ho)p S\ — 82 (Ho) o (Ho)yy S2h — SE) (Ho)yy |
0/BB = BA BA 10/ AA 0)BB BB Bp \Ho)pp
[H,,s"] = (FL1) 00 San — Stk (i) uy (i) Ship — Ship (Hi) g
1, - ’
(Hi)pp Sgl‘ N Sgil (Hi)yn (Hi)pp ng)_% - SBIB (Hi)pp
[Hy, SV = 0 i (Hi) 45 7 (B.16)
i (Hl)BA 0
HH S(l)} S(l)} U <(H1)AB Sgll - SELXI)B (H1)3A> 0
05 ) - ’
0 i <(H1)BA SE41)B - Sg,)ax (Hl)AB>

Given Eq.(B.15) and the explicit matrix forms of the commutators, one can derive

specific conditions for the matrix elements for off—diagonal matrix Sf])g,

Zk’eDA (Hl)kk’ k’l ZZ/GD k;l’ (Hl)l’l

0 _ 0
€ — €

_ (H)pe Hi)py (Hy) (Hi)yy
R IRCEr e AP PR vy Tr U

A DA T vepg \k T € \E T €y

(2)
Skl =
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where k, k' € Dy and L,I' € Dp. As for the BA block, we get S = (S{)
by Hermitian property of S. Again, Eq.(B.15) does not involve the diagonal-block
matrices, S‘(ﬁ‘ and ng)g, we can simply set them to zero.

The second order term, H®, of the approximate Hamiltonian now reads

((Hl)AB Sth—SUh (H1)3A> 0
0 ((Hl)BA SAIJ)_D; Sgix (Hl)AB)

If we only would like to keep the approximate Hamiltonian up to the second order,

H® = B.18)

then it would read

(H?))AA = (Ho) s + (Hi) +% ((F) 0 SHA — SUh (H) )+ (B.199)
) = (Ho) 4+ (Hl)AA—F% ((Hl)AB SSBA_SAB (Hy)p ) , (B.19b)

<H§2)> =0 (B.19c¢)
)

= 0. (B.19d)

If we need to carry out the third-order transformation, then we simply need to
identify a Hermitian matrix, S® which can make the off-diagonal block of Eq.(B.8d)

to be strictly zero. For even higher order, the general idea still holds.

B.3 Iterative Approach to Numerical Transforma-
tion

As seen in the previous section, the expression of proper Hermitian matrix, S
needed for the analytical transformation rapidly increases in complexity as n increases.

This motivates a need to perform these perturbative calculations iteratively with a
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computer program. In each iteration, two operations are done. The first task is
to apply a first order transformation (discussed in Sec.[B.2.1]) to decouple the two
subspaces D4 and Dg. The second task is to orthogonalize the transformed basis.
The iteration will repeat these two tasks until the matrix elements in the off-diagonal
block (HS@%) .5 € bounded by some pre-defined threshold value.

Given the Hamiltonian H = Hy + H;, we apply the first order transformation to

get

HY = (UM'HUO
= (I-i8W) (Ho+Hy) (I+iSM)
= H,+H, +i[Hy,SW] +4 [H;, SV] + 8V (H, + H;) SV

= Hy 44 [H,,8Y] + 8% (H, + H,)SY, (B.20)

where S() is derived in Sec.[B.2.1].
The Schrodinger equation for the transformed Hamiltonian HS\? is a generalized
eigenvalue problem. This is true because the transformation UM is not a unitary

matrix and can be verified by UM (U(l))T = I+ S2. Thus, the generalized eigenvalue

problem reads,
) T

)

HIUbD = eMb®, (B.21)

(UM)'Ha = ¢(UM)'a
(UMTHU® (UM Ha = (TP U (U) 'a

where a and € are, respectively, one of the eigenvector and corresponding eigenenergies

of H, b = (U(l))fla and M; = (U(l))TU(l) is the overlapping matrix for the
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rotated basis. The Hamiltonian HS\Z) can be orthogonalized by using the (\/1\/11)_1

trick discussed in Sec.[2.1.1]. The new Hamiltonian is given by

ay, = (Vi) g (Vi)

= Z'HZ, (B.22)

where Z = UM (\/M) . In summary, each iteration involves two tasks: 1) applying
first order transformation and 2) solving the generalized eigenvalue problem.

So far, we have shown how the matrix elements changes when we apply the trans-
formation ZTHZ to the Hamiltonian matrix. The next task is to determine how the
new (after transformation) and old (before transformation) basis are related.

Consider the old basis are labelled by regular alphabet, {|j)} and the new basis

are labelled by Greek letters, {|3)}. The Hamiltonian matrix elements are given by

1
(o)

= (2"),, HiiZ;p.

ij

= (oli)Hi 4 16). (B.23)

a7B

The two ways of relating Hamiltonian matrix elements in different basis gives (j| 8) =
Z;z.

If the desired threshold is not achieved, we substitute H with the new Hamilto-
nian HS\14)0 = diag(Hg\?O) +of fdiag(HE&l)O) derived in the present iteration. Hg\i[)o is
manually separated into the diagonal matrix (used in place of Hy) and off-diagonal
matrix (treated as perturbation in place of H;). Now we repeat the iteration. The

end result of the second iteration is Hamiltonian matrix HS\?O with a corresponding
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transformation matrix Zs which relates the basis before and after the rotation per-
formed during this iteration. In general, at the end of the n—th iteration, we obtain
Hg\’})o and the final basis is related to the original basis, which is the set of eigenstates
of Hy, by the transformation matrix W,, =72, ...%Z,.

Thus at the end of the n—th iteration, we obtain

H) = W HW,,

=7 .. .zZ'8z7,...Z,, (B.24)

The new basis at the n-th iteration is given by {! ﬁ(")>}, which are related to the

original basis {|i)} by [8)™ = 3. (W), 5 11).
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Appendix C

Cotunneling Through a Triple

Quantum Dot

In this appendix, we provide a brief derivation of cotunneling rate, Eq.(6.9), pre-
sented in Chapter [6]. In particular, we consider the dominant kind of cotunneling
process that involves exchanging a pair of electrons between one lead and the triple
quantum dot in the spin blockade regime. This cotunneling process does not directly
transport an electron through the device; rather, the system gets out of the spin-3/2
state when an exchange of electrons takes place.

First, we remind the model of the present problem. For our present purpose, we
can consider the TQD is coupled to one of the leads, for instance, the left lead. The

Hamiltonian for the triple quantum dot (TQD) and the left lead reads,

H - ﬁo + Fll,
— Hrop + Hp + Hyp, (C.1)
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where, ]:]TQ p is the five-level Hubbard model considered in Chapter [6]. H; is the
1D tight-binding chain of free electrons located at the left lead, respectively. Hip
represents the interaction between the TQD and the left lead, respectively. The

interacting Hamiltonian is given by

Hp =Y ik (k) (dLUcw + h.c.) , (C.2)

In this case, we take HO HTQD + HL and H1 HLD
We next introduce the basis used for constructing the matrix elements for Fermi
Golden Rule calculations. The eigenstates of Hy are represented as |¥) = |ane) ®|L),
where |ay,) is an Ne-electron eigenstate of Hypop and |L) is an eigenstate of H,.
The generalized, second order Fermi Golden’s rule reads,

2
2 Z Hy Hyi
EO E?

W@) —
fi A

S(EY — EY), (C.3)

where |i), |f), and |u) are the eigenstates of Hy with eigenenergies E9, E°, and E)
respectively.

For the present problem of spin blockade in a triple quantum dot, we denote |7)
= |as) |L) as an initial eigenstate of Hy with triple quantum dot trapped in one of

the four possible spin-3/2 states, i.e. |as) € {|S =3/2,5, = +£1/2,+£3/2)}. We then

specify a final state | f77') with respect to the given initial state |i) as

155 = 18s) © (ewwrdl, ) IL), (C.4)

For our problem, the final state above is obtained from the initial state by exchanging
a pair of electrons between the TQD and the lead. As a result of this exchange, the

TQD state is scattered from |ag) to |53), which is one of the three-electron eigenstates,
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while the left lead first gains an electron in state |k,) then loses another electron in
the state |k/,). The intermediate states, denoted by |u) = |az) <cLU ]L)), involves
only states from the 2-electron subspace because we consider the TQD is tuned to
conduct current between 2-electron and 3-electron regime.

Substituting all the relevant details into Eq.(C.3), we obtain

2 - - " SN .
W = | 20 ) GG ) {Lldueddly | L) (Ld] oo L)
;-/O;_/ * . 2
<AO?3O‘2> Azﬁfgjﬁtz ,
X 0 (Egy — oy + €(k) — e(K')),

0 _ 1O
Ea2 Ea3 + €ko

iga’ * 160 2
() e

_ 27 oL L Paz
o h Z tlo(k) (tlé,(k )) X Egz _ E23 +€kcr

X(1 = figo )ik 000 (Epy — Eug + €(k) — (), (C.5)
where C% = (as|dl, |as), and 7y, = d, dy,.

Since we are only interested in the TQD states, we have to average the rate in
Eq.(C.5) over all possible lead states |L) with thermal equilibrium weight. So we may

write a 2nd order transition rate involving only the TQD states,

W2 5 = Y Flew)(1-F(&))
k.k'o,0!
() k. |
2m ~L FLor K Cagaz Cﬁgaz
| 2, ) T
X0 (Egy — Eoy + €(k) — €(K)) (C.6)

where averages of ny, is replaced by the Fermi function F(e) = 1/(1 + exp(e — u))

with the chemical potential of lead p.
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