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Summary

The rise in interest concealing quantum computing (QC) and the constant im-
provements in the quantum information field have led the research towards finding
better ways of physically implementing a quantum processor. The most promising
idea from the integration point of view is to realize qubits, the building blocks
of quantum information, in semiconductors, looking forward to a possible future
combination of these structures with the classical CMOS architectures. Therefore,
being integration the ultimate goal, the choice between semiconductors falls on
silicon, for which the technological processes have been studied for decades and
are now very advanced; for this reason, the prospect of employing the spin of an
electron in a silicon quantum dot as a qubit might be ideal.

The use of electron spin as qubit has been theorized by Daniel Loss and David
DiVincenzo in 1998 [1], but it has only recently begun to spread as suitable op-
tion for quantum computing implementation. Although the feasibility of qubits
through holes spin [2], donors spin [3] and point defects spin [4] in different semi-
conductors, such as germanium [5], gallium arsenide [6] and silicon carbide [7], has
been demonstrated too, this thesis work will be focused on the use of the spin of
electrons trapped in silicon gate-defined quantum dots.

This thesis tries to fulfil the need for a compact model that efficiently describes
an electron spin qubits system, looking for a compromise between high accuracy
in the description of noise sources and computational complexity. This would help
quantum circuit designers and algorithms developers to estimate the performance
of a circuit on a quantum computer. However, a canonical simulation of a quan-
tum structure requires the solution of a complex system of differential equations.
Quantum systems are usually analyzed through the Schrodinger equation, which,
unfortunately, can only describe pure quantum states. Incoherent processes, such
as relaxation and decoherence, are taken into account by the Lindblad master equa-
tion, which deals with density matrices. Anyway, the solution of the latter proves
to be very long and computationally expensive and thus it is not realistically em-
ployable in a quantum simulator. This encourages the research towards a compact
model granting a good simulating accuracy with a low computational cost.
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Indeed, after a brief introduction of the fundamental concepts regarding solid-state
quantum computing, the first chapter introduces the final objective of this work:
developing a compact Matlab model able to describe, given the structure, the main
features of the device, such as single-qubit manipulation and two-qubit gates im-
plementation, taking into account the most relevant quantum noise factors. The
goal is to obtain a fast but reliable way to realistically simulate a quantum device,
in order to create a very useful tool for QQC device engineering, giving the opportu-
nity to evaluate the effects of physical characteristics on the execution of practical
quantum circuits and algorithms.

The quantum confinement effect is studied in the second chapter, where the fun-
damental properties of semiconductor heterostructures are introduced. This serves
to the purpose of explaining the physical concepts used in the realization of the
quantum device. The silicon Double Quantum Dot (DQD) structure is indeed pre-
sented and defined at the end of the chapter.

The third chapter is devoted to an in-depth description of the DQD device, with
a particular focus on the various possibilities of qubit encoding, such as spin-1/2,
singlet-triplet and charge qubits, discussing their characteristics and listing pros
and cons of each implementation. Having addressed the theoretical features of
semiconductor qubits, the focus shifts on a particular type of structure, the SIMOS
gate-defined DQD (Figure 1 and Figure 2). The device read-out and initialization
methods are explored, as well as device control procedures, in order to familiarize
with the technology relevant parameters.

The mathematical tools needed to understand the theory behind the manipula-
tion of a single qubit in this type of structure are analyzed in the fourth chapter.
In particular, a time-independent expression for the single-qubit spin Hamiltonian
is derived for the purpose of compact modelling. Finally, a first implementation of
the model is developed and tested through a Rabi flopping experiment.

The fifth chapter extends the theory elaborated in the previous chapter to the
two-qubit case. The chapter describes the theoretical derivation of the DQD spin
Hamiltonian through the Hubbard model and the Schrieffer-Wolff (SW) transfor-
mation, with particular attention on the approximations used to derive a time-
independent matrix. The native gate duality is then explored, focusing on how to
implement the two different gates. A second version of the compact model is de-
veloped and validated comparing its results with those obtained with the Quantum
Toolbox in Python (QuTiP), a numerical solver of the Schrédinger and Lindblad
equations, which permit to study the time evolution of quantum systems.
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The sixth chapter is devoted to the analysis of the noise algorithm implemented in
the compact model to take into account relaxation and decoherence effects. The
fidelity of the noisy model is computed on QuTiP through the simulation of a
sequence of Rx (%) gates on each qubit varying the duration of the gate. The
MATLAB model and the QuTiP results are finally compared when relevant quan-
tum circuits and algorithms are simulated.

The last chapter comprises the conclusions of this thesis work, giving a general
look to the results obtained and to the advantages and disadvantages of the devel-
oped compact model. Furthermore, several possible ideas for future enhancements
of the compact model are presented.

Figure 1: 3D view of the SiMOS DQD structure.
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General concepts
introduction






Chapter 1
Thesis work outline

The purpose of the first chapter is to give an introduction on semiconductor quan-
tum computing technology, explaining its strengths and the possible implementa-
tions. The reasons for the realization of a compact model able to simulate semi-
conductor quantum devices are then analyzed, with particular attention on the
advantages offered by a fast quantum simulation.

1.1 Semiconductor quantum computation

1.1.1 Technology advantages

In the past decade, semiconductors have become a more and more prominent op-
tion for the realization of quantum computing devices. The research toward this
type of implementation has grown significantly, since semiconductors might be the
key to innovating progresses in quantum electronics. In fact, they are uniquely po-
sitioned to exploit the technology already existing for classical electronic devices,
as share practically the same technological process steps with them. Therefore,
semiconductor quantum computing has a huge potential for its massive scaling and
miniaturization.

Another advantage of semiconductors is the possibility of an electrical device con-
trol. Indeed, semiconductor quantum devices can be manipulated with electric and
magnetic fields generated through the use of metal gates and integrated micromag-
nets. Some advanced qubit encodings, such as the exchange-only qubit in quantum
dots (QDs) [8], even remove the need of the micromagnets and allow a pure electri-
cal control of the quantum structure, which is expected to be easier to implement
and more accurate on a miniaturized chip involving hundreds of thousands of qubits
[9].

Moreover, semiconductors grant optimal physical properties for the creation of
qubits with long coherence times. The coherence time of a qubit is a measure
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1 — Thesis work outline

of how long the qubit can keep its phase information before losing it [10]. There-
fore, it is a critical parameter for the performance of the quantum device. The long
coherence times in semiconductors allowed the conduction of experiments on qubits
with fidelities above 99%.

Recently, the feasibility of reliable hot semiconductor qubits has been demonstrated
[11]. The hot qubits operate at higher temperature (1-4 K) than other quantum
computing devices, e.g. base on superconductors (~ mK). This reduces the cooling
power needed for the device functioning, favouring the prospect of practical quan-
tum computation.

Nowadays, the main goal is to demonstrate the feasibility of fault-tolerant quan-
tum computers with few qubits in semiconductors, so that research can focus on
the device scaling and integration, possibly realizing integrated chips with quan-
tum core and classical electronics together to exploit the advantages of both. A
possible approach for a hybrid quantum computer might be to separate the classi-
cal electronics from the quantum core and to keep them at different temperatures
(Figure 1.1).

300 K 1-4 K

Microwave
Classical control

interface iiiiiiiiiii

Multiplexer

Quantum
hardware

DAC

Digital iiiiiiiiiii

control

Readout Decoder

Figure 1.1: Possible scheme of a hybrid quantum computer.

1.1.2 Available implementations

The feasibility of qubits has been demonstrated in different material, such as sili-
con, which will be explored in this thesis, germanium [5], gallium arsenide [6] and
silicon carbide [7]. Among these, silicon is the most relevant one, since the tech-
nology employed for the creation of silicon qubits notably resembles present-day
complementary metal-oxide semiconductor (CMOS) manufacturing. The possible
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1.1 — Semiconductor quantum computation

qubit implementations in silicon span an enormous ecosystem and are extremely
versatile in terms of their applications, which go from quantum simulation and
computation to sensing or communication. The most diffused technologies are:

« Gate defined quantum dots (Figure 1.2a);
« Dopant atoms (Figure 1.2b);

« Optically addressable quantum defects (Figure 1.2c).

Quantum dots, which are the technology studied in this thesis, have a relatively
small qubit footprint (~ nm), very fast single and two-qubit gates and fault-tolerant
operation, making them a promising candidate for quantum computation. Dopant
atoms [3] have shown the longest coherence times in solid-state quantum computing
and a high sensitivity to magnetic fields, and thus they are the most suitable option
for quantum memories and sensing. Instead, optically addressable quantum defects
[4], such as nitrogen-vacancy (NV) centers in diamond or silicon carbide, can be
employed for long-distance quantum communication, as they naturally serve as
spin—photon interfaces [12].

b4

(a) Gate defined QDs.  (b) Phosphorus dopant atom. (¢) NV defect.

Figure 1.2: Different implementations of semiconductor quantum computing.
Adapted from [12].

A comparison between the technologies is reported in the following table; the
values are extracted from [12]. Some relevant parameters are shown, indicating
that gated spins the general performance of each implementation.

H Technology \ Coherence time Single-qubit gate time Fidelity H

Gated spin 28 ms 25 ns 99.96%
Dopant atoms 35.6 s ~20 ps 99.98%
NV centers ls 20 ns 99.995%
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1.2 Quantum device simulation issues

The simulation of a quantum device is a crucial tool needed by quantum circuit
designers and algorithms developers to estimate the performance of a given circuit
on a silicon quantum computer. This gives the possibility of device optimization,
making quantum device simulation a necessary step towards quantum computing
implementation. The modelled structure must be realistically close to the physical
hardware to be simulated as reliably as possible. Therefore, the model should also
include noise sources, such as relaxation and decoherence [13], since they play a
relevant role in the device performance. If the model simulation is accurate, the
behaviour of the device can be predicted and the execution of the quantum circuits
can be optimized, varying the system physical constants, such as the quantum dot
g-factor or the valley splitting, and control parameters, such as the electric and
magnetic fields applied.

1.2.1 The compact model idea and the Lindblad equation

Realistic quantum simulation proves to be not so simple to perform. In fact, in
quantum physics, the time-evolution of the quantum system state is described by
the Schrodinger equation:

I () = ) (1) (1.1

where t is the time, [¢(t)) is the state vector of the system and H(t) is the time-
dependent Hamiltonian operator. The problem of this approach is that this equa-
tion only deals with state vectors, which in turn can only describe pure quantum
states. However, a realistic simulation must take into account incoherent phenom-
ena, such as relaxation and decoherence, to consider quantum noise. Therefore,
the Lindblad master equation [14] should be used. Indeed, it is an extension of
Equation (1.1) and works with the system density matrix:

Cciz? - #Hﬁ%p] + ;[ZLJ‘PL; —{L;L', p}l, (1.2)

where p is the system density matrix, L; is the Lindblad operator, [z,y] = zy — yx
is the commutator operator and {z,y} = xy + yz is the anticommutator one.

Unfortunately, solving this equation means that one has to find the solution of a
complex system of differential equations. This dramatically increases the simula-
tion time and the computational cost of a quantum simulation. Hence, the idea
of realizing a compact model (Figure 1.3): the goal to find a way to efficiently
describe a quantum device, looking for a compromise between high accuracy in
the description of qubits noise sources and low computational complexity, which
would allow fast simulations. A good compact model can thus reliably simulate a
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1.2 — Quantum device simulation issues

quantum hardware in a more effective and faster way with respect to a canonical
quantum simulator. In order to achieve this, the simulation must include a cer-
tain number of approximations, which serves to speed up the simulation. However,
these approximations inevitably introduce an error in the model; indeed, a compact
model has always an amount of error with respect to the realistic simulation. It is
important to estimate this error comparing the results of both simulations, possibly
varying some input parameters to analyze the error behaviour with respect to them
and apply possible improvements to the compact model to enhance its performance.

QUANTUM SYSTEM

ANALYSIS

REFERENCE
SIMULATION (QuTiP)

COMPACT MODEL
SIMULATION (MATLAB)

1
|
|
|
I POTENTIAL
1
1
1
1
1
1

IMPROVEMENTS
COMPARISON OF
OUTCOMES AND
ERROR COMPUTING

Figure 1.3: Methodology of a compact model.

1.2.2 Model realization

The workflow for the realization of the compact model has several steps (Figure 1.4).
The first, described in Section 5.1.1 and in Section 5.1.2; is the theoretical defini-
tion of the system: this part comprises the assembling of the spin Hamiltonian for
the description of quantum gates, which depends on the device manipulation tech-
niques. Then, an approach for neglecting time-dependent terms of the Hamiltonian
is exploited to find a time-independent expression, which in turn can be used to
easily derive the system unitary evolution and speed up the simulation. This step
is explored in Section 5.1.3 and in Section 5.1.4. However, the Hamiltonian un-
dergoes an approximation, hence a certain amount of error is introduced into the
model. The unitary evolution associated with the obtained Hamiltonian is used by
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1 — Thesis work outline

the model to calculate the system noiseless time-evolution. The non-ideal effects,
i.e. relaxation and decoherence, are taken into account through a quantum noise
algorithm, developed in [15] and implemented according to the methodology de-
scribed in Section 6.1.1. The model is then validated through a comparison with
a “reference” realistic quantum simulator to explore the limits of the simulation
approximations. Section 6.2.2 is devoted to the analysis of the model validation.

4 N

S N G

System spin Application of Quantum noise Model validation:
Hamiltonian model algorithm comparison with
assembling approximations implementation a reference

- J

- J

\ Noiseless model /

Figure 1.4: Compact model workflow.

The compact model has been developed on MATLAB and it takes as input the

parameters that characterize the physical system, such as the g-factors of the dots
and the amplitudes of the magnetic fields. The simulation take two separate paths:
one computes an ideal evolution, applying the formal unitary matrices of the gates
to the system state vector [¢); the other path calculates the unitary evolutions of
the applied gates through the formulas derived from the theoretical work and it also
uses a quantum noise algorithm to consider relaxation and decoherence. This non-
ideal path is applied to the density matrix p, so that the output of the model gives
a reference ideal 1)) and a p that takes into account the device realistic processes.
The discrepancy between the two simulations is measured through the use of the
fidelity concept [16].
The whole compact model has been finally compared with a numerical quantum
simulator in Python, QuTiP, able to solve the Lindblad master equation. The
error between the two approaches has been analyzed for the application of single
and two-qubit gates and for the simulation of relevant quantum circuits, such as the
realization of a Bell state and the SWAP gate, and two algorithms: the Deutsch’s
algorithm and the Grover’s algorithm.



Chapter 2

Quantum confinement in
semiconductors

One of the key building blocks of semiconductor quantum computing is the abil-
ity to dimensionally confine particles by means of heterostructures or electrically
applied potential wells. Being able to fully comprehend the theory behind these
two methods and the physical effects they have on the structure means having
good basis for the understanding of the more complex mechanisms that rule solid-
state quantum world. This chapters is thus devoted to a brief but clear theoretical
introduction to these subjects.

2.1 Semiconductors and heterostructures

2.1.1 Semiconductors electronic properties

Semiconductors are crystals, i.e. periodic dispositions of atoms, in which electrons
behave following quantum mechanics rules, being described by proper wavefunc-
tions, related to the allowed electron states. These states correspond to the allowed
energy bands, which are notoriously relevant for determining the electronic be-
haviour of the material. In particular, the meaningful bands are the lowest energy
band that lets electrons move freely in the semiconductor, the conduction band,
and the highest energy band hosting electrons chemically bonded to the material
nuclei, the valence band. These two bands are separated by a forbidden energy gap,
called bandgap (Figure 2.1) [17].
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Energy

Conduction Band

A

Bandgap

Y

Valence Band

Figure 2.1: Semiconductor band diagram.

In this scenario, one can assume that, in the energy range of interest, electrons
are described by a parabolic energy-momentum relation, also called dispersion re-
lation: Yl , ,

2(1.2
Ewﬁd%+hM|:&wﬁ<@+%+@>
2m 2m
where F is the energy of the electron and k its wavevector, associated with the

particle momentum p through the de Broglie relation [17]

D=k, (2.2)

, (2.1)

ks, k, and k., are the wavevector spatial components, E¢ is the minimum of the
conduction band and m is the electron mass.

This energy-momentum relation is defined in the reciprocal space, also called mo-
mentum space, i.e. the vector space containing all possible values of momentum
for a particle, and it is a periodic function in it. The fundamental period of this
function is called Brillouin First Zone (BFZ), which, technically, is the set of points
in the momentum space closer to |k| = 0 than to any other reciprocal lattice point
[18].

2.1.2 Silicon energy-momentum relation

These general concepts can be applied to silicon, which is a key material for this
thesis work, in order to visualize its main electronic features; in fact, silicon has a

10



2.1 — Semiconductors and heterostructures

diamond lattice, made of two interpenetrated face-centered cubic lattices, and its
BFZ is a solid with eight hexagonal faces and six square faces (Figure 2.2). The
main momentum points in the BFZ are its center (the I" point), which is also the
point where |k| = 0, the center of the hexagonal face (the L point), and the center
of the square face (the X point) [17].

irreducible
wedge

I k=k=k=0

Figure 2.2: Brillouin First Zone of a diamond lattice. Adapted from [17].

The silicon energy-momentum relation (Figure 2.3) shows the material’s main
electronic characteristics:

 Indirect bandgap: the maximum of the valence band and the minimum of the
conduction band correspond to different momentum points;

e Conduction band degeneracy: the conduction band has six degenerate minima
(see Section 2.2.2).

D

Conduction band

minimum x6 I

H hol
JHeavy 07 N
\ \ Light holes
12+
+ Split-off band

I r X r 0 ko

& Energy(eV) o

Figure 2.3: Silicon energy-momentum relation. Adapted from [19].
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2 — Quantum confinement in semiconductors

2.1.3 Heterojunctions and heterostructures

Epitaxial techniques can be employed to grow different materials on top of each
other, creating a mixed structure. However, generally, each material has a dif-
ferent lattice constant a, which is the spatial distance between two atoms in the
crystal lattice; this structural mismatch creates impurities and defects at the inter-
face between the two materials, thus making the resulting mixed system unsuited
for electronic applications. Nevertheless, if the lattice mismatch is very small (1%
utmost), the crystal lattice is almost unaffected at the interface between the two
materials and a practically ideal crystal is created: such structure is called hetero-
Junction [20].

The electronic properties of the whole crystal now face an abrupt discontinuity, and
this is particularly useful since it allows bandstructure engineering: a heterojunc-
tion between two materials with different bandgaps results in a discontinuity of the
conduction and valence bands (Figure 2.4).

Conduction band

A

Energy

Eg1 Eg2

A 4

Valence band

A\ 4

0
Figure 2.4: Bandstructure of a heterojunction between two materials with different
bandgaps.

Combining different materials with different bandgaps gives rise to arbitrarily
defined potential shapes; such architectures are called heterostructures [21]. For the
purposes of this thesis, the focus will only be on a particular potential configuration,
the square well potential (Figure 2.5).
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2.2 — Quantum confinement in potential wells

Conduction
band

A

Eg2 Eg3

Energy
m
Q

Valence
band

V4

Figure 2.5: Square well potential obtained through a heterostructure made of three
materials.

2.2 Quantum confinement in potential wells

2.2.1 Particle in a one-dimensional square well

The problem of a particle in a “box” is commonly used to explain the differences
between classical and quantum physics: in classical mechanics, a particle trapped
in a box can have any energy (meaning it can move at any speed), and could also
stay “still”, namely the ground state of the system is at zero energy (Figure 2.6a).
However, when quantum effects become relevant, i.e. when the box width is com-
parable with the wavelength of the particle, quantum mechanics must be employed
to analyze the system; this carries out that the energy states of the particle are
actually quantized and the ground state is always at energies different from zero
(Figure 2.6b).

In particular, supposing that a potential well is applied along the z direction and if
it is considered infinitely “tall”; i.e. the barrier potential is infinite, the analytical
formula of the quantized energy states, also called bound states, is

222

oy, = : 2.3

while the related wavefunctions along the z direction (Figure 2.7) are expressed as

Y. (2) = \/Zsin (nziz>, (2.4)

13




2 — Quantum confinement in semiconductors

where n, = 1,2, ..., N indicates the energy level position (n, = 1 is the ground state,
while n, = N is the highest energy state in the quantum well), m is the particle
mass and L, is the well width. For finite values of the barrier potential, numerical
or graphical methods must be used; if applied in this case, the analytical formula
of Equation (2.3) gives more bound states than there actually are, since it is only
valid for the infinite well case. Subbands are thus created: the energy is quantized
along the z direction, so the energy-momentum relation in a quantum well is

h2 (kg + kg)

E, =Ec+E.,_ +
2m

, (2.5)

where E¢o is the minimum of the conduction band, while k, = ,/ZH—TEJ; and k, =

\/%Ey are the x and y wavenumbers, with £, and E, kinetic energies of the
particle in the respective directions. This relation means that there are n, 1D
subbands, each having a 2D dispersion relation E(k,, k,) [22]. In addition, owing
to the separation of the spatial variables - only allowed when the potential profile

can be separated as well (U(z,y, z) = Uy(x) + Uy(y) + U.(2)) - the total spatial
wavefunction can be written as

2 . .
U (x,y,2) = HL—emwe]kyy sin (nzgz> (2.6)

Energy states in a potential well Energy states in a potential well

Potential Profile ||
Energy States
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——— Energy States
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o
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Z, N1 Z, nIn
(a) Potential well of 50 nm. (b) Potential well of 2 nm.

Figure 2.6: The well (a) is not narrow enough to show quantum behaviours while,
in (b), energy states are clearly quantized because of quantum effects.

Furthermore, quantum effects also affect the density of states N(E), which is the
number of different states per energy per unit volume that electrons are allowed to
occupy. The bulk 3D-DOS is computed as

N3p(E) = 217r2 (2};1)3 \/E, (2.7)
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2.2 — Quantum confinement in potential wells

Wavefunctions in a quantum well
| ! | !

Wavefunctions in a quantum well
| ! | |

: . . 2.0 : : . 2.0
T4y Potential Profile 14r Potential Profile
12 —— Wavefunction - 12 —— Wavefunction -
] |
1.0 g 1.0 g
g <
08 ° 08 °
110 3 10 3
Z 06 2 % osef =
. g . g
& 04y 105 2 B304y 105 3
2 o2f 5 £ o2f g
00 400 £ 00F 4100 £
= =
02+ % 0.2 %
0.4 105 = 04f 105 =
-06 -06
. . . . . . . 10 . . . . . . . 10
20 15 10 05 00 0.5 1.0 15 2.0 20 15 10 05 00 0.5 1.0 15 2.0

Z, NI z, nIm

(a) Wavefunction of the first energy state. (b) Wavefunction of the second energy state.
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(c) Wavefunction of the third energy state.

Figure 2.7: Wavefunctions associated with the bound states of a 2 nm quantum
well.

showing its well known square root behaviour. On the other hand, in quantum
wells, the quantization of the energy levels in the confinement direction causes the
DOS to lose the energy dependence, making it a constant function in each subband
(Figure 2.8):

Nop(B) = 15 S 0(E — ), (2.8)

where 0(E — E,,_) is the Heaviside step function centered in F — E,,_ [22].

2.2.2 Quantum Wires and Quantum Dots

Although until now the potential confinement has been applied only in one direc-
tion, the analytical results obtained can be used to examine the two-dimensional
potential confinement too, also called quantum wire.
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2 — Quantum confinement in semiconductors
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Figure 2.8: Comparison between bulk 3D-DOS and quantum well 2D-DOS.

Assuming confinement along x and y directions, energy levels are quantized and
their formulas are

n2m?h?
E,., =+ 2.
fre o 2mI27 (2.9)
n2m?h?
_ Yy
iy = (2.10)
y
If L, = L, = L, the dispersion relation becomes
By = B+ Eu, + By, + B = Eo + 5 (n2 +n2) + oo (21D

and therefore it depends on both n, and n,: subbands are now expressed as Ey, n,,
meaning that the particles transverse energy is quantized and that now there are
2D subbands, each having a 1D dispersion relation E(k.).

Again, due to the separation of spatial variables, the total spatial wavefunction is

2 2 .
Ungm, (T,Y,2) = \/;sin (nx2x> \/;sin (ny2y> elk=2, (2.12)

The most powerful derivation from transverse energy quantization in quantum wires
is that the wire resistance does not depend on its length and section (as in classical
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2.2 — Quantum confinement in potential wells

wires) but it has a constant value Ry = M ﬁ ~ M -12.9 k2, where M is the
number of subbands contributing to conduction.

Finally, the 1D-DOS shows infinite maxima around subband minima, i.e. where
the charge is expected to accumulate (Figure 2.9) [23].
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Figure 2.9: 1D-DOS in a quantum wire.

The last step towards complete particle confinement is to add the last potential
constraint (in the z direction) to the quantum wire structure; the resulting system
is called quantum dot. The particle is now locked in space and can only occupy
discrete energy levels inside the dot: this means that there are no dispersion curves
(E does not depend on any spatial component of k), since the dispersion relation
in a quantum dot, assuming L, = L, = L, = L, is

mh 2 2
Enx,ny,nz - EC’ + E;rnm + Eyny + Eznz - EC + m <nx + ny + nz) ) (213)
and therefore the DOS only depends on the number of confined states. An isolated
quantum dot offers two spin-degenerate states for each confined energy level, so
the DOS plot is a series of d-functions centered at each energy level, which, since

energies are quantized in every direction, is addressed as E,, ., .. (Figure 2.10)
[24].
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Figure 2.10: Energy levels and DOS in a quantum dot.

As already mentioned in Section 2.1.2, bulk silicon has a sixfold degenerate con-
duction band minimum. In addition to the particle spatial confinement, quantum
dots lift this degeneracy: the large in-plane tensile strain in the dot breaks the
conduction band minimum into two levels: a higher fourfold degenerate level and
a lower twofold degenerate one. These levels are broken once more by the confine-
ment and the electric fields in the dot [19]; the relevant effect is the lower energy
level splitting dy g, called valley splitting, the energy difference between the system
ground state Fg_y and the first excited state Fg_y (Figure 2.11). The valley split-
ting value varies depending on the structure: since the potential step at the Si/SiO,
interface is very sharp, values of the order of 0.2 - 0.8 meV are reached in SIMOS
structures [25, 26, 27], while Si/SiGe devices provide valley splittings between 0.01
and 0.2 meV [28, 29, 30, 31].
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\\\ :::x 5
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Figure 2.11: Valley splitting in a quantum dot.

18



2.3 — Structure definition

2.3 Structure definition

2.3.1 2-Dimensional Electron Gas and gate-defined Quan-
tum Dots

The analyses carried out in the previous paragraphs about quantum confinement
show that when a quantum well is created in a three-dimensional system, the parti-
cles of such system, usually electrons, get “trapped” in the quantized energy levels
and cannot move along the well direction: this is called 2-Dimensional Electron Gas
(2DEG) [32]. Such behaviour is employed in the creation of the Double Quantum
Dot (DQD) structure analyzed in this thesis: a thin layer (~10 nm) of enriched **Si
is grown between a SiO, barrier insulator and the intrinsic Si substrate, and the
2DEG is formed due to the triangular quantum well (which has almost the same
behaviour of the square quantum well) in the conduction band (Figure 2.12).

puBq uolPNPUO)

\ 4

Energy

Figure 2.12: 2DEG is created in the thin enriched ?*Si layer.

1D confinement along the z direction is thus obtained through a heterostruc-
ture, while, for the other two directions, the confining potential is applied through
electrical metallic gates, placed on top of the barrier insulator: in particular, the
light green gates confine the electrons in the y direction (Figure 2.13), while the
actual double quantum dot potential is formed along the x direction through the
plunger gates, which control the potential wells needed to create the two dots and
lateral electron reservoirs, and the barrier gates, which tune the barrier potentials
between the two dots and between the dots and the reservoirs (Figure 2.14) [33].

19



2 — Quantum confinement in semiconductors
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Figure 2.13: 3D view of the gate-defined DQD structure.

- barrier gate

: plunger gate

. insulating oxide

: barrier insulator

: quantum layer

- intrinsic substrate

OJOOECIE

Figure 2.14: X7 cut of the gate-defined DQD structure.
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2.3 — Structure definition

The two quantum dots are formed in the thin layer of enriched 2*Si; this material
is used since natural Si contains about a 4.7% concentration of 2?Si isotopes, which
possess a non-zero nuclear spin, and this negatively affects electron spin perfor-
mance in the quantum dot. In fact, the 29-isotope nuclei interact with each other
and couple to the electronic spin through hyperfine interaction, worsening the co-
herence time of the device. The 28-isotope of Si, instead, has zero net nuclear spin
and completely eliminate this issue, making enriched ?®Si a very good material for
the realization of the quantum layer [34].

2.3.2 Measuring the system: the SET sensor

Creating the two-levels quantum system and being able to manipulate it is just a
part of the quantum computing device; in fact, one has to be able to measure it,
reading the state of the system in order to analyze the behaviour of the device.
Therefore, an appropriate sensor is needed in the vicinity of the double quantum
dot zone: the single electron transistor (SET) charge sensor. A SET is formed by a
quantum dot with three terminals (the drain, the source and the gate), meaning that
it can be realized with the same photolithographic steps of the quantum system,
so that the technological complexity is not dramatically increased; in this device,
electrons flow between source and drain thanks to tunnelling, and the potential of
the dot is tuned by the gate electrode, which is capacitively coupled to the dot
(Figure 2.15) [35].

Gate

Cac

Sourceo—{Cg|Rg Rp|Cpr——oDrain

Figure 2.15: Schematics of a SET.

The SET can be used as a sensor [36] if it is created close enough to the double
quantum dot region: a capacitive coupling is formed between the SET and the
quantum system, making the potential of the sensor dependent on the electrostatic
landscape of the quantum dots, i.e. on the presence/absence of electrons in the
two quantum dots (Figure 2.16). Thus, the SET current can be used to detect
tunneling events in the device; this is a significant tool for the read-out of the
system (Figure 2.17) [37].
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2 — Quantum confinement in semiconductors

Figure 2.16: Scanning Electron Micrograph (SEM) image of the device; the two
quantum dots and the SET are clearly visible. Adapted from [38].

tunneling event

SET conductance

time

Figure 2.17: The SET conductance sharply increases when there is a tunneling
event in the quantum device.
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2.3.3 The charge stability diagram

SET measurements offer the possibility of electrically characterizing the structure.
One of the most meaningful analysis is to study how the dots occupancy vary when
sweeping the plunger gates voltages. Indeed, these electrodes are used to drive
the system into a specific electrostatic regime, and this is clearly shown by the
charge stability diagram. The notation for the dots occupancy, extensively used
throughout this work, is (Ny,Ng), where Ny describes how many electrons are in
the left dot and Ny indicates how many electron are in the right one. The SET
is used to detect tunneling events in order to identify when the system is varying
its electrostatic landscape. Precisely knowing which values of the plunger gates
voltages apply in order to be in a particular occupancy regime is a precious tool to
ensure an accurate device control.
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Figure 2.18: Charge stability diagram of a DQD device. P; and P, are the plunger
gates. Adapted from [39].
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Chapter 3

Device functioning analysis

This chapter is dedicated to the description of how the device defined in previous
chapter works. Different qubit encoding possibilities are inspected, with particular
attention to the advantages of each choice. Read-out and initialization methods
are explored, as well as device control procedures, in order to familiarize with the
technology relevant parameters, extensively used in the next chapters.

3.1 Qubit encoding

3.1.1 Spin—% coding: the Loss-DiVincenzo qubit

The easiest way of realizing a qubit is by employing the spin of a single electron
[1]. As already mentioned in Section 2.3.1, the confinement and the strain in a
quantum dot structure break the conduction band minimum degeneracy, leaving a
spin-degenerate ground state. This means that this lower level can be occupied by
two electrons with different spins. The two-levels quantum system is thus generated
exploiting the Zeeman effect: the presence of a static magnetic field B, splits the
two spin levels. The energy difference E; between these spin states is called Zeeman
energy (Figure 3.1) [40]. In this analysis, the static magnetic field is applied along
the z direction, hence the spin states split by this effect are the ||) and |1) states.

The lower state (spin-up or spin-down) is determined by the g-factor sign; this
argument is explored in Section 4.1.1. In silicon devices, the lower state is the
spin-down state [41, 8], thus the system spin Hamiltonian, written in the {|1), [)}

basis, is [42]
Lz
2
and the qubit encoding is
0= 14). 2
=1



3 — Device functioning analysis

* )

Bo=0 Bo #

Figure 3.1: The Zeeman effect splits the spin states.

In this type of encoding, each quantum dot corresponds to a qubit and system
manipulation is achieved through the use of the electrical gates — the same that
form the quantum dots — and integrated micromagnets, needed to create static
magnetic field gradients in the device. Since this is the encoding choice of the
structure under analysis in this work, these concepts are studied in detail in the
next chapters. Since the encoding is based on the electron spin, it is called a spin
encoding. Spin encodings usually guarantee good coherence times (~ tens of ps)
and acceptable manipulation times (~ tens of ns) [43].

3.1.2 The charge qubit

On the other hand, the charge coding encodes the qubit on the presence of a single
electron in one dot or in another. Specifically, the charge qubit is realized through
the use of one electron in two dots. The two quantum dots communicate through
a non-zero tunnel coupling, that makes the travelling of the electron between the
dots possible. The two states of the system are |R), that indicates the presence of
the electron in the right dot, and |L), that implies that the electron is in the left
dot. The system spin Hamiltonian, expressed in the {|L), |R)} basis, is [42]

H = [2 to}, (3.3)

€
to —%

where € is the energy difference between the dots, called energy detuning, and t, is
the tunnel coupling, defined in energy units (J or eV). These two parameters can
be effectively controlled through the electrical gates: the detuning is modified using
the plunger gates above the dots, while the tunnel coupling is changed exploiting
the barrier gate between the dots.

In order to understand this Hamiltonian and the whole system, one needs to look at
the energy diagram of the structure, namely the plot of the Hamiltonian eigenvalues
against the energy detuning between the dots. This diagram shows which energy
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3.1 — Qubit encoding

levels the system can occupy for each value of detuning; for sake of simplicity,
suppose just for now that ¢; = 0. The Hamiltonian thus becomes

H = [2 OE] , (3.4)
0 —3

and the energy diagram is trivial, since the matrix is already diagonal and the

eigenvalues have a clear dependence on the detuning (Figure 3.2).
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Figure 3.2: Energy diagram of the charge qubit when ¢, = 0.
Now, suppose that the electron starts in the left dot with negative detuning.

Confronting the energy diagram and the energy detuning between the dots, defined
as the difference between the left dot energy and the right dot energy:

o Negative detuning: the electron is in the left dot, which is the lowest energy
state in the system (Figure 3.3);

o Zero detuning: the |L) and the |R) states are at the same energy, but the
electron cannot tunnel to the other dot, since the tunnel coupling is zero

(Figure 3.4);

o Positive detuning: the electron stays in the |L) state even if it is not the lower
energy state in the system (Figure 3.5).
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Energy Diagram, tp =0
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Figure 3.3: The electron starts in the |L) state for negative detuning,.
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Figure 3.4: The electron cannot tunnel to the right dot when the detuning increases.
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Figure 3.5: The electron is still locked in the |L) state.
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3.1 — Qubit encoding

On the contrary, when ¢y # 0, tunneling is allowed and the electron can change
position, depending on which is the lowest energy state in the system. Indeed, the
energy diagram shows that the |L) and |R) states are connected (Figure 3.6), while
in ty = 0 case the two states did not communicate at all (Figure 3.2).
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Energy detuning €, meV
Figure 3.6: Energy diagram of the charge qubit when ¢y # 0.
Again, supposing that the electron starts in the left dot for negative detuning,
the system evolves as follows:

e Negative detuning: the electron starts in the left dot, which is the lowest
energy state in the system (Figure 3.7);

o Zero detuning: the |L) and the |R) states are at the same energy, and the
electron begins the process of tunneling to the other dot (Figure 3.8);

o Positive detuning: the electron has changed position and the system in now
in the |R) state, the lowest energy state (Figure 3.9).
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Figure 3.7: The electron starts in the |L) state for negative detuning,.
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Figure 3.8: The electron starts the tunneling process.
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Figure 3.9: The electron is now in the |R) state.
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3.1 — Qubit encoding

The charge qubit encoding is thus

0) = [L),

1) = |R). (3:5)

and device manipulation can be achieved with just the control of the tunnel coupling
and the detuning. Charge qubits generally show worse performance in terms of
coherence times (~ tens of ns), but they greatly improve manipulation times (~
tens of ps) [44]. In order to exploit the long coherence of spin qubits and the fast
control of the charge qubits, hybrid qubits (coded on both the position and the
spin of an electron) have been proposed [45, 46, 47].

3.1.3 Singlet-Triplet coding

As demonstrated in the previous paragraph, the control of the detuning between the
dots is easily achievable. This motivates the research towards a spin encoding that
can be completely manipulated through the detuning. The Singlet-Triplet (ST)
qubit serves this purpose; it is realized with two electrons in two quantum dots and
makes use of the singlet and triplet states of this type of system. A singlet is, by
definition, a state of a system in which the total spin quantum number s, computed
using angular momenta addition formulas, is equal to 0. Conversely, a triplet is a
state in which s is equal to 1, and thus there are three allowed eigenvalues m of the
spin operator: +1, 0 and —1 [48].

The Singlet-Triplet coding is used in the (1,1) regime. This notation, already
explained in Section 2.3.3, is not complete, since a state can be a singlet or a triplet:
the full notations to uniquely identify a state in such structure are S(Np,Ng),
T, (Ng,Ng), To(Np,Ng) and T_(N,Ng), where S stands for singlet state, and the
three T notations are related to the three possible values of m: +1, 0 and —1,
respectively. The relevant energy states of the system are thus

T, (11) = [11).
1
To(L1) = —= ([14) + |41))
V2 (3.6)
T_(1,1) = 1)
S(L,1) = = (|14) — 1))

V2

S(2,0) and S(0,2) states need to be considered too, since they strongly couple to
the S(1,1) energy state. However, the T(2,0) and T(0,2) states are at much higher
energies and can be neglected. In fact, due to the Pauli exclusion principle, a triplet
state with two electrons in a single dot means that one of the electrons must occupy
the F,_,s dot level, which is sufficiently far away from the ground state E,_, thanks
to valley splitting.
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In order to achieve single-qubit control of a Singlet-Triplet qubit - and this will be
justified by Equation (3.8) - the difference between the Zeeman splittings of the
two dots AE, = E,, — Ez, must be different from zero. This is usually achieved
through g-factor tuning [49] or the presence of a static magnetic field gradient along
the dots direction, which makes each dot perceive a different effective By [50].

In the ty > AFEy limit, the |[1)) and the ||1) states gets very close and become
degenerate into the To(1,1) and S(1,1) states; this statement will be further devel-
oped in Section 5.1.1. The resulting energy diagram thus describes the interaction
between the singlet states, while showing that triplet states cannot interact with
singlets due to the Pauli Spin Blockade [51] (Figure 3.10). Furthermore, as ex-
pected, the Zeeman effect only applies to the triplet energy state, splitting the
T,(1,1), To(1,1) and T_(1,1) states, whereas it does not affect the singlets [52].
Energy Diagram
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Figure 3.10: Energy diagram of a Singlet-Triplet qubit.
Since the qubit is encoded as
0) =S(1,1),
0) = S(1,1) .
|1> = T0(171)7

one can conveniently reduce the Hamiltonian to the {T(1,1), S(1,1)} basis, where
it becomes [53, 54]
—hJ(e) ALz
HzlAEQ 5], (3.8)
2

where J(¢€) is the singlet-triplet splitting, also called exchange interaction, i.e. the
energy difference between the Ty(1,1) and the S(1,1) states, defined in frequency
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units (Hz). Since this parameter depends on the detuning e, it can be turned off
or on at will just by controlling the detuning value. This means that rotations
around the z axis can be obtained setting the detuning near the S(1,1)-S(0,2) (or
S(1,1)-S(2,0)) region, where J > AFEy, while rotations around the = direction are
achieved extinguishing J (¢ = 0). Single-qubit control is thus accomplished just
through detuning control (Figure 3.11).

ST qubit’s performance is slightly better than the spin-% one, with coherence times
of the order of hundreds of ps and manipulation times of some ns [55].

T

Figure 3.11: Singlet-Triplet qubit control. The upper Bloch sphere depicts single-
qubit z rotations in the J > AFEjy regime, while the one below shows z rotations
appearing as the J is turned off. Adapted from [42].

3.2 Read-out techniques

3.2.1 Elzerman method

As already mentioned in Section 2.3.2; the read-out of quantum dots devices is
based on spin-charge conversion through the use of a nearby SET. The SET detects
tunneling events thanks to the electrostatic coupling to the quantum dots, thus
reading methods must be based on spin-selective tunneling, in order to be able
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to derive the state of the dot from the presence (or absence) of this event. The
first method was proposed by J. M. Elzerman in 2004 and therefore it carries his
name [56]. The Elzerman readout consists in realizing electron reservoirs near the
quantum dots and setting their Fermi levels between the spin-up and spin-down
states of the dot to be read; this can be easily achieved through the plunger gate
of the QD. The system can then act in two ways:

o The electron in the dot is in spin-down state: nothing happens, since the
electron is already at the lowest energy state it can find;

o The electron in the dot is in spin-up state: there is a tunneling event between
the dot and the neighbouring reservoir.

This means that, when this type of reading is performed, if the SET reveals a tun-
neling event, then the qubit was in spin-up state, otherwise it was in the spin-down
one. Furthermore, if there is a tunneling event, the empty dot will be automat-
ically filled by another electron, tunneling from the reservoir, in spin-down state
(Figure 3.12). The Elzerman readout is thus also an initialization, since, after
performing it, the qubit will surely be in spin-down state.

- 1)

)

Er 1) Er 1)
4 4

Figure 3.12: The two cases of Elzerman readout.

3.2.2 Pauli Spin Blockade method

The Elzerman technique is the easiest way to perform a read-out, but it poses a rele-
vant issue: electron reservoirs must be available near every quantum dot in order to
read them. This matter is solved through the Pauli Spin Blockade read-out, which
indeed removes the need of reservoirs and instead makes use of ancilla qubits to
create a double quantum dot systems with the target qubits to extract their state.
The spin-selective tunneling is achieved through the Pauli Spin Blockade principle,
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which forbids a system from passing from a triplet state to a singlet one [57].
Before performing the reading operation, the system is prepared in the (1,1) regime,
and the reference ancilla qubit is intialized in a know state. Supposing that this
state is ||), pulsing the detuning between the dots towards the (0,2) region (Fig-
ure 3.10 can be still used as a reference since it describes a DQD system) results in
two scenarios:

o The electron in the target dot is in spin-down state: the system is thus in the
T_(1,1) state and cannot transition to the S(0,2) due to Pauli Spin Blockade;

 The electron in the target dot is in spin-up state: the system can go into S(0,2)
and a tunneling event is registered by the SET.

This means that, knowing a priori the state of the reference dot, detecting a tun-
neling event means that the target qubit was in the opposite state with respect to
the ancilla one (Figure 3.13).

The Pauli Spin Blockade principle can be used also to initialize the system. As
already stated in Section 3.1.3, qubits can have different Zeeman splittings, which
correspond to their resonance frequencies; this is usually exploited to ensure single-
qubit addressability. Therefore, after preparing the system at large detuning in the
S(0,2) state, the initialization is achieved turning off the detuning, meaning that
the dots become energetically aligned. In this regime, the system will go into the
S(1,1), with the spin-down electron in the dot with larger £z and the spin-up one
in the other (Figure 3.14) [39].

3.3 Driving mechanisms

3.3.1 Single-qubit control

The first step towards universal qubit control is the capability of implementing
single-qubit gates. In spin—% qubits, electron’s spin can be manipulated through
resonant microwave (MW) magnetic fields; each qubit has in fact a resonance fre-
quency that depends on the Zeeman splitting, computed as

|wo| = 7 (3.9)

Since wy is also the angular frequency at which the electron rotates around the
perpendicular static magnetic field By, this formula only computes its absolute
value. The sign of the rotation is derived through the curl right hand rule; this
argument will be explored in Section 4.1.1.

Single-qubit control methods thus focus on how to create a MW magnetic field with
frequency wy. The first idea is to directly generate the magnetic field through a
MW antenna near the device. This is called Electron Spin Resonance (ESR), and
it is an easy and swift way to achieve spin manipulation [58]. The main issue with
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Target Ancilla
Qubit Qubit

Target Ancilla
Qubit Qubit

Figure 3.13: The two cases of Pauli Spin Blockade readout.

E22 > Ez1

Figure 3.14: Initialization through the Pauli Spin Blockade principle.
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this technique is that this type of field, since it is generated by an antenna
near the device, affects all the qubits, provoking off-resonance effects in non-target
qubits, which will be studied in detail in Section 4.2.3. The most immediate solution
is to make the qubits’ resonance frequencies very far from each other, but this
cannot be obtained just by g-factor tuning. Thus this solution needs the presence
of a micromagnet inside the structure in order to create a static magnetic field
gradient. The Zeeman splitting indeed directly depends on the g-factor value and
the local static magnetic field perceived by the spin, which, in turn, is determined
by the longitudinal uniform field B, and the transverse stray one (Figure 3.15) [50].
To make single-qubit control possible even for small values of AF, the Electron
Dipole Spin Resonance (EDSR) comes into play. This technique involves exploiting
the Spin-Orbit Interaction (SOI) to couple electric field pulses to electron spins [59].
This allows one to apply MW electric fields directly through the plunger gates above
the dots, avoiding interference with other qubits.

ZA

_Transverse
stray field

><\V

|
B,
Figure 3.15: The integrated magnet creates a transverse magnetic field gradient in
the DQD structure, indicated by the curved line. The solid arrows along z indicate
the static magnetic field By, while the dashed lines show the transverse stray field

generated by the micromagnet. The solid arrows coming out of this field denote
the magnetic field gradient along the x direction.
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3 — Device functioning analysis

3.3.2 Two-qubit control

Two-qubit gates in silicon quantum dots are realized thanks to the spin-spin cou-
pling, called exchange interaction J [60]. Physically, this parameter indicates how
much overlap there is between the wavefunctions of electrons in different dots, and
it has been demonstrated that it can be tuned through barrier gates and ¢y control
[61]. Turning on this interaction between two qubits causes conditional shifts of
their resonance frequencies, meaning that each qubit state depends on the other one
[11]. This mechanism enables the feasibility of two-qubit gates; moreover, in this
particular technology, there are two possible native gates, the CPHASE and the
VSW AP. This duality is ruled by the values of AE; and ty and will be thoroughly
explored in Section 5.1.3.
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Chapter 4
Single-qubit manipulation

The fourth chapter is centered on the theory behind single-qubit control of spin—%
qubits. The system spin Hamiltonian is defined and explained in order to carry
out the time-dependent unitary evolution of the density matrix. This result is
implemented in Matlab and some simulations are run to check the correctness of
the device behaviour. Off-resonance effects are also explored to define the bounds
in which they can be neglected.

4.1 Hamiltonian assembling

4.1.1 Computational basis definition

The first part of this analysis is the definition of the system: the encoding under
study is the spin—% qubit, therefore a single qubit is realized with one electron in
one quantum dot. As already explained in Section 3.1.1, a static magnetic field
is applied along the z direction in order to split the spin-up and spin-down states
through the Zeeman effect.

The spin angular momentum operator of an electron is defined as S, and its com-
ponent along the z direction is [62]

h

0 h

where o, is the Pauli z matrix. The matrix is diagonal, so its eigenvalues are —1—3
(positive eigenvalue) and —2 (negative eigenvalue). The associated eigenvectors
are:

2
0] h
<——

1) = H D )
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4 — Single-qubit manipulation

These are the state vectors describing the spin-up and spin-down states, respec-
tively.
Supposing the static magnetic field is applied along the positive z direction, it is
defined as

B, = By, (4.3)

where By is the magnitude of the field and Z is the versor of the z direction. The
Hamiltonian for the interaction between the spin of an electron and a magnetic
field is [63]

H[I) = K- EO? (44)

where p is the spin magnetic dipole moment, that can be rewritten as

gush
=78 =—""""— 4.5
where y = —2 js the electron gyromagnetic ratio ([2%4]), with g being its spin

g-factor and up the Bohr magneton, and ¢ = [0, 0, 0.]". The Hamiltonian thus
becomes

h E
1 _ . _ ) _ _ —5730 0 _ 72 0
where F, is the Zeeman energy splitting between the spin-up and spin-down states.
Therefore, its formula is

E, = —hvBy, (4.7)

meaning that its sign is determined by the sign of v. The gyromagnetic ratio is
in turn equal to —%42, hence, since up and h are positive constants, the overall
sign of F, is determined by g¢. In silicon, the g-factor is almost equal to +2; the
Zeeman splitting value is thus positive, which means that, in a silicon device, the
|T) state is shifted of % in the positive direction, while the |]) state is shifted of
% in the negative direction (Figure 4.1) [8]. In other materials, such as gallium
arsenide (GaAs), the g-factor is negative [64], making |]) the higher energy state.
This analysis can also be seen from another perspective: the Zeeman energy split-
ting is related to the semi-classical Larmor precession of the electron magnetic
moment around the B, field [62]. This precession happens with a precise angular
frequency, defined as

which means that the rotation happens around the direction of the field, and its
sign is determined by . In silicon, v is negative, therefore the precession is a
positive rotation around the field, following the curl right hand rule (Figure 4.2).
The magnitude of this angular frequency is

|wol = wo = |7|Bo, (4.9)
42



4.1 — Hamiltonian assembling

which, since v < 0, becomes

wo = —vBy

Energy level, eV

E
= 4.1
) (110

Figure 4.1: Energy diagram of a spin—% qubit. The Zeeman effect splits the spin-up

and spin-down states.

N\ Bo

<

/\ Bo

|

Figure 4.2: Larmor precession of an electron around Bi,.
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4 — Single-qubit manipulation

The computational basis is thus {|1), |{)}, and, since the |0) state is assigned to
the lowest energy level, the Hamiltonian is written in the {|1), |0)} basis, which,
unfortunately, is the opposite of the standard quantum computing basis. In fact, for
historical reasons, the usual basis is {|0), |1)}, which comes from another quantum
computing technology, the Nuclear Magnetic Resonance (NMR), whose ground
state is |1) [65]. Therefore, the NMR basis is still {|1), |{)}, but it is now directly
mapped to the {|0), |1)} basis. Hence, in order to make the model compatible to
the usual standards, a change of basis through a unitary matrix Ue is needed. The
system spin Hamiltonian in the {|]), [1)} basis is

E. E.
m:%%gz%%dzﬁﬂlafyﬁékﬂﬁ a. (4.11)
After this change of basis, the spin rotates around B, in the opposite way with
respect to Figure 4.2, i.e the same verse as in NMR.

4.1.2 Applying a MW magnetic field

The single-qubit manipulation is achieved through the application of a microwave
(MW) resonant magnetic field [58]. This field can be written as
Bl = 231 COS(Wth — qbl)@, (412)

where B; is the magnitude of the MW field, wy/ is the microwave frequency, ¢,
the phase of the field and Z is the versor of the x direction, which indicates that this
field is applied along the positive x direction. The overall magnetic field becomes

E - Bo + El = Boz -+ 281 COS(CUth — (bl)i; (413)
and the resulting Hamiltonian is
Hyw=-p-B=—-p-By—p-By=H,+ Hj, (4.14)

where

E.
meli )
. (4.15)
0 —572B, cos(wywt — gbl)]

Hy = h
—572B; cos(wywt — ¢1) 0
are the two parts (static and MW) of the system Hamiltonian in the {|1), |])}

basis. As explained in Section 4.1.1, one needs to change the Hamiltonian basis
through the transformation used in Equation (4.11). The result for H; is

H, = UcH|UL = 0,H,o!

101 0 —37231 cos(wpywt —@1)| [0 1
{10 —%7231 cos(wywt — ¢1) 0 1 0| (4.16)
_ 0 —%7231 cos(wywt — ¢1)

—%7231 cos(wywt — ¢1) 0 '
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4.1 — Hamiltonian assembling

Note that H] is not affected by the transformation as it is already written through
0. Therefore, the full MW Hamiltonian in the {|]), |1)} basis is

E.

_h —
Hayrw = Ho+ Hy = l 27281 coslwawt gbl)} - (4.17)

T2
—%7231 cos(wywt — ¢1) %

Thanks to Euler’s formulas, the MW field can be rewritten as
2By cos(wywt — ¢1)E = By (ej“’MWte_j‘l51 + e_jwatej¢1) Z: (4.18)

hence, the Hamiltonian becomes

hl —wy —vBin
H = — 4.19
MW 2 [—73177 Wo ’ ( )

where n = <ejwMWte—j¢1 + e Iwmwitpidn )

This arises a serious concern in terms of computing the system’s time-dependent
unitary evolution from the Hamiltonian, as it now depends on time. Indeed, sup-
posing the initial time instant ¢, = 0, the formal general solution of the Schrédinger
equation is [62, 15]

U(t) = T exp (_% Ot H(t’)dt') , (4.20)

where 7T is the time-ordered product. On the other hand, when the Hamiltonian is
time independent, the solution reduces to

U(t) = exp (—‘;Ht> . (4.21)

The time dependence of the Hamiltonian in Equation (4.19) is solved analysing the
system in a rotating frame. The action of going into a rotating frame translates
to a transformation of the Hamiltonian [66]. The idea behind this transformation
is that in the original basis, the laboratory frame, the state vector rotates around
the z axis with angular frequency wy; therefore, if the system rotates in the same
direction and at the same angular frequency, the state vector will be stationary.
This is intuitively explained using a Bloch sphere representation and supposing a
Rx (22‘ is applied to the |0) state: the lab frame shows precessions around the z
axis while the vector rotates around the x direction due to the Ry gate, while, in

the rotating frame, only the latter is present (Figure 4.3).
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4 — Single-qubit manipulation

1) o

Figure 4.3: The lab frame (on the left) depicts the vector rotating around both
x and z axes, while the rotating frame (on the right) illustrates the merit of this
transformation. Adapted from [66].

The rotating frame transformation is carried out as [67]

- ) AU}
HMW == URFHMWU]];LF —jhURF d?F, (422)
where Ugp is the rotating frame unitary matrix, defined as
eI 5 0
Urr = l 0 engFtl , (4.23)

with wrp angular frequency of the rotating frame (arbitrary, for now).
For the sake of simplicity, the two terms of Equation (4.22) will be computed
separately; the latter yields

iU R _ iy [e_ngpt .&F] lﬂ'w?’ejw?t 0 .WRF]
dt 0 eIt 0 —jeBEeITy (4.24)
i E —WRF 0
N 2 0 WRF ’
while the first term is computed as
_iYRE, jYRE 4
+ e 773 0 E —Wo —yBin| |72 0
UrrHarwUpr = [ 0 engFt] 2 |—vB1n Wo 0 eI -BEt
B e85 0 |h —wped By Bype B (4.25)
B 0 eI 2 | —yBimed Bt e ER '
_h —wo —yBineIeret
2 |y Bipervrrt Wo '
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4.1 — Hamiltonian assembling

The Hamiltonian in the rotating frame is thus

- . dU7
Hyw = URFHMWU]T{F — jhUgr d?F
_h| —wot+wrr  —yBime st
2 [—yBielrrt wy — wpr
h —Wo + WRF (4.26)

= 2 [_731 <6j(wa+wRF)te—j¢1 4 e—j(wa—wRF)tej¢1)

—vB; (ej(WMW*WRF)tG*ijl + ei(‘J-’MWﬂURF)%i%)}
Wo — WRF '

4.1.3 The Rotating Wave Approximation

The next step towards the computation of the time-dependent unitary evolution is
the use of the Rotating Wave Approximation (RWA). Equation (4.26) shows the
contribution of two exponentials in the (1,2) and (2,1) positions: one has the sum
of wyw and wgrp, while the other has the difference between them. As explained
below, gates are implemented enforcing wrr &~ wyw ~ wy, meaning that wym +
wrr & 2wy. The theoretical explanation of this behaviour is that the MW field
can be divided in two components: one rotating in the same direction of the frame
(B) and one in the opposite way (B ):

By =B (COS(wMWt — ¢1)Z — sin(wpwt — ¢1)Q) ;

(4.27)
By =B (cos(wMWt — 1) + sin(wywt — qbl)g) .

Hence, the terms that contain the sum of the two frequencies, i.e. the ones related
to the B] component that rotates against the frame, where the exponential varies
at a much faster rate, can be neglected [68, 69]. Therefore, the spin only rotates
around one field component, namely B . This precession happens with a precise
angular frequency, called Rabi frequency, defined as

Similarly to wy, this frequency depends on the v sign: supposing ¢; = 0, i.e. the
field is oriented along the x direction, the rotation is positive around it (Figure 4.4).
After the RWA, the Hamiltonian becomes

h —Wo + WRF wlej(wa—wRF)te—j¢1

HMW,RWA = 5 wle_j(WAlW_WRF)t€j¢1 (429)

Wo — WRF
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Az

Jr
B,
Figure 4.4: Larmor precession around B for ¢; = 0.

Then, supposing that the rotating frame angular frequency wgrpr matches the
qubit resonance frequency wy, Equation (4.29) yields

3 |wyeiAwt gin 0 (4.30)

a MW,RWA =
where Aw = wyw — wy is the frequency difference between the MW frequency
and the qubit resonance frequency. The last step towards the elimination of time
dependencies in the Hamiltonian is to assume that the MW field is in resonance
with the qubit, i.e. wyw = wy. Then,

Hyw,rwa = 5 Lhejd“ 0 (4.31)

which shows that the Hamiltonian is now time-independent and thus the system
unitary evolution can be easily computed through Equation (4.21), which yields

U(t) = exp <_%ﬁMW,RWAt) , (4.32)

where t is the duration of the MW pulse.

Matrix exponentials are usually hard to calculate and computationally heavy, but,
in this particular case, the Hamiltonian can be rewritten through decomposition in
Pauli matrices, whose general exponential formula is [70]

eJnT — cogq - T+ j(f-g)sina, (4.33)

where f is an arbitrary unit vector in R3. Therefore, the Hamiltonian needs to be
decomposed in Pauli matrices:

~ hi 0 we’| ©h ,
Hywrwa = 5 lwleﬂ"f’l ! 0 ] = 5(0.11 COS 10, + wy sin ¢r0y). (4.34)
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Equation (4.33) is now applicable and the unitary evolution can be computed as

t t
U(t) = exp (—jwzl(cos ¢10, + sin ¢1ay)) = exp (—ju;lﬁ . a> ,
with 7 = cos ¢; 2 + sin ¢ §. Hence,

wit owt

Ut) = COST ]I—]sm7(n a)
OJ1t 0 0 _ wlt
_ |cos il + b 7 8in “% cos ¢ n
0 Ccos %5 —7J sin “3% cos ¢y 0
n 0 — sin “4t sin ¢,
sin “’” sin ¢ O ’
which finally yields
cos “At —j sin Yte=io
— 2 2
u() [—j sin “3tel ¥t cos 4t ’

(4.35)

(4.36)

(4.37)

that is the final formula for U(¢), the unitary matrix that describes the time evo-
lution of a single qubit when it is subjected to a resonant MW magnetic field.

4.2 MATLAB implementation and results

4.2.1 The compact MATLAB model structure

The MATLAB model mainly revolves around the computation of U(t) using Equa-
tion (4.37). The first step is the definition of fundamental system parameters, which
are set by the user in separate input files. These user-defined inputs can be divided

in two classes:

o Physical parameters:

— n__qubit, the number of quantum dots;
— gfactor, the g-factor of each dot;
— B0, the static magnetic field along z.

o Control parameters:

— B_ 1, the MW magnetic field amplitude;
— phi__1, the phase of the MW field.
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4 — Single-qubit manipulation

The first implementation of this model, which only carries out a Rabi flopping
simulation, i.e. a Rx(f) gate applied to the |0) state, includes three input files:

o SetConstants.m, which provides useful computational constants, such as h, m
and ¢;

o SetParameters.m, where the physical parameters are stored;
o SetInput.m, in which the user can set the control parameters.

The unitary matrix U(t) is computed in the single_qubit.m file, while the whole
code is run by a main file named Qubit.m (Figure 4.5).

SetConstants.m —— >

[ SetParameters.m }:> Qubit.m —} Rabi flopping

Setlnput.m —>

[ single_qubit.m }

Figure 4.5: MATLAB code structure for the Rabi flopping simulation.

4.2.2 Rabi flopping simulation

As mentioned in the previous section, the Rabi flopping is the simulation of a Rx (6)
gate applied to the |0) state. All the system and control values are taken from [11]:
= 1.9860 and By = 0.25 T, which yield wy = 43.663 Grad/s, i.e. fy = 6.9491
GHz. The angle of rotation 6 is equal to wyt, therefore wy is set to be 6.2832 Mrad/s
(f1 = 1 MHz), which is achieved through a By of ~ 36 uT, and ¢ is equal to 8 ps to
see 8 periods of rotations around the x axis. Since the revolving must be around
the x axis, ¢, is set to 0, in order to orientate the B, field in that direction.
The system state is plotted in the Bloch sphere for ¢ = 0 (Figure 4.6a) s and
t = 0.5 ps (Figure 4.6b)- this is half the rotation period, so that the system is in
the opposite state - and the probability of the state |1) (|])) is measured for the
whole 8 ps interval (Figure 4.7).

After performing the Rabi flopping experiment, the model is enhanced with some
additional files, containing preset values of ¢; and t for the realization of Rx(0)
(such as in the Rabi flopping), Ry (0), Rz(0) and H (Hadamard) gates. The Rabi
frequency w; is always set to 6.2832 Mrad/s (f; = 1 MHz).
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Initial qubit state vector State vector time-evolution
i
i
k2
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(a) Initial state, t =0 s. (b) Final state after ¢t = 0.5 ps.

Figure 4.6: Initial (a) and final state (b) after the Rabi flopping. Since the rotation
frequency is set to 1 MHz, the rotation from |0) to |1) happens after 0.5 ps.

The angle of rotation 6 is automatically set by the code, which takes 6 as an input
and computes the time duration of the pulse needed to achieve that angle as t = w%.
Instead ¢ is fixed in the SetInputRX.m and SetInputRY.m files: in the former

0 for >0
¢1_{7T for 6 <0’ (4.38)
while in the latter
T for >0
_ 2
b= { —% for 6<0 (4.39)

The Rz(0) gate is implemented in two ways, depending on the possibility of imple-
menting virtual Z gates [71, 72]:
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Spin-down probability @ qubit resonance frequency
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Figure 4.7: Variation of the probability of the state |1) with respect to the duration
of the MW pulse. The periodic rotation of the qubit state around the x axis can
be observed, effectively realizing a Rx(f) gate, where 6 can be tuned through the
duration of the MW pulse ¢.

« Virtual Z feasible: the gate can be implemented by taking into account a phase
contribution, using its ideal unitary matrix

.9
e’z 0
« Virtual Z not feasible: the gate is realized using the Rx and Ry gates, since
s 7T
Rz(0) = RX(§)RY(9)RX(—§). (4.41)

This choice can be made by the user through a dedicated flag in the code. The
H gate follows the same route, since there are two possible decomposition: one
involving a Ry gate and the other using only Rx and Ry gates. Therefore:

« Virtual Z feasible: since it only adds a phase contribution, the R, gate is
computationally convenient, so
T

H = RZ(7T>RY(—§)§ (4.42)
« Virtual Z not feasible: only Rx and Ry gates are available:
T
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4.2.3 Off-resonance effects

In the previous computation and MATLAB simulations, the MW field was assumed
to be in resonance with the qubit, i.e. wyw = wp. This condition is indeed always
verified when performing single qubit manipulations, but off-resonance effects may
arise due to the fact that there are other qubits with different resonance frequencies
in the device. In fact, the MW field generally expands throughout all the structure,
therefore every qubit is affected by a certain time-evolution. However, the field is
resonant only with the target qubit, while other qubits, that generally have different
resonance frequencies, perceive an off-resonance field. This effect is more evident
when the resonance frequencies are very close to each other.

In order to study off-resonance behaviours, one needs to start from Equation (4.29)
and assume wrp = wyw. This yields

—wo + wyw  wie I ] _h l Aw  wie i
2

- h
Hyw,rwa = 5 l eI o — D — A ] : (4.44)

Since the time dependencies have been already eliminated, the next step is the
Pauli matrices decomposition:

i R Aw we i
MWRWA =5 | cion Ay

o

= —(Awo, + wy cos P10, + wy sin ¢10y)
(4.45)

St N

A
Q (waz + | cos p10, + ad sin gblay)

27\ Q Q

~

= 5 (ﬁ'g)a

\V)

where Q = /Aw? + w? is the generalized Rabi frequency, needed in the compu-
tation in order to normalize n, making it a unit vector. However, €1 is indeed a
generalization of w; to the off-resonance case: in fact {2 = w; for Aw = 0.

The unitary evolution is thus

Ot [(Aw w1 w1 .
U(t) = exp (—j <QO'Z + q 08 P10, + q Sin ¢1ay>>

(4.46)
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with i = %2 + G cos @12 + G sin @1 ).
Then, Equation (4.33) yields

Qt Qt
U(t)zcos?-]l—jsini(ﬁ-g)
B cos% 0 n —j%sin% 0
T 0 cos¥ 0 j&sin &
0 —7sin % - & cos ¢ (4.47)
_igin & w 0 +
Jsin - - %5 cos ¢y
0 —sin%-%singbl
sin%-%singﬁl 0 ’
which gives
QU AW U S O Wi ,—jen
cos J 22 sin jsin =t - Yle
t) = 2, Q2 2 A2 4.4
u(t) [—jsm%t-“f’zleml cos%t—l—jAQ“sm%t] (4.48)

This is a more general version of Equation (4.37); implementing it in single _qubit.m
makes the model capable of computing the system evolution in off-resonance condi-
tions. The Rabi flopping simulation is indeed repeated, using the same parameters
of the previous analysis, but employing a vector of wy;y. This makes the model re-
peat the same simulation for different values of wy, centered in wy (43.663 Grad/s,
as before) with a span of 100 Mrad/s. The result of this simulation is the Chevron
pattern (Figure 4.8), i.e. the plot of the spin-down probability with respect to the
MW pulse duration and to the MW field angular frequency wyw. It is important
to note that if one performs a cut parallel to the time axis at the resonant MW
frequency (wpw = wo), the result is exactly the spin-down probability plot of the
previous simulation (Figure 4.7), which, in fact, was a resonant analysis.

If, instead, the cut is made parallel to the wyy axis, at ¢ = 0.5 ps (time for which
the system is in the |]) state), the plot shows the off-resonance effects: the closer
the qubit resonance frequency is to wy, the stronger are the effects of the MW field
on it (Figure 4.9).
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Figure 4.8: Variation of the probability of the state |1) with respect to the duration
of the MW pulse and its angular frequency.

Spin-down probability around resonance frequency
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Figure 4.9: Spin-down probability with respect to the MW field angular frequency.
Off-resonance effects are stronger in the vicinity of the center of the plot (wp), while
they get weaker as wyw becomes different from the qubit resonance frequency.
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Chapter 5
Two-qubit manipulation

The next step towards universal qubit manipulation is the two-qubit control. This
chapter describes the theoretical derivation of the DQD spin Hamiltonian, with
particular attention on the approximations used to derive a time-independent ma-
trix. The native gate duality is then explored, focusing on how to implement the
two different gates. Finally, the MATLAB model approximations are verified using
QuTiP [73], a numerical simulator for quantum systems on Python.

5.1 Double quantum dot Hamiltonian

5.1.1 The Hubbard model

The two-qubit gates analysis is carried out on a double quantum dot system, which
is a many-body system and has a more complex Hamiltonian with respect to the
single-qubit case. The operating regime of the structure are the (1,1) states but,
as already studied in Section 3.1.3, the S(0,2) and S(2,0) states are strictly coupled
and must be included in the spin Hamiltonian. In this study, the notation will be
that the left quantum dot is the qubit ¢;, while the right one is qg, following the
IBM standard where a ket vector describing a two-qubit state is ordered from the
MSB to the LSB, i.e. |¢1 qo) [74].

The starting point of this analysis is the Hubbard model [75, 76, 77, 78], which
describes the interaction between the two quantum dots taking into account tunnel
coupling and the Coulomb charging energy of the dots. The natural basis of a
single-qubit system, explored in Section 4.1.1, is {|1), ||)}, therefore, in a two-
qubit structure, the basis becomes {[1), [1)} @ {|1), [} = {11, [1), [11), [41)}.

Singlet states with two electrons with one dot must be included too, meaning that
the full basis is {|11), [T4), {1), 44}, S(0,2), S(2,0)}. The Hubbard Hamiltonian
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of a silicon DQD in this basis is [79]

E. 0 0 0 0 0
0 2 0 0  hto  hitg
;0 0 —2E 0 —hty —hty
=19 o o B o 0| (5:1)
0 hto —htg 0 U—c¢ 0
L 0 hto —hto 0 0 U + €]

where U is the Coulomb energy of the quantum dot (assumed equal for the two
dots), € is the energy detuning between the dots and ty is the tunnel coupling,
while F, = % and AFE, = E, — E,, are the average and the difference of the
qubits Zeeman splittings, respectively. In fact, as mentioned in Section 4.2.3, E,,
and thus the resonance frequency, must be different for each qubit for single-qubit
addressability purpose. Section 5.1.3 will show that the AFE, parameter plays also
a crucial role in the definition of the device two-qubit native gate.

The energy diagram derived from this Hamiltonian (Figure 5.1) shows an interesting
aspect of the structure when the detuning approaches the U value: due to the Pauli
Spin Blockade principle, already introduced in Section 3.2.2, S(2,0) and S(0,2),
being singlet states, only interact [57] with the 1) and ||1) states, since |[11) and
|4)) are exactly the two triplet states T (1,1) and T_(1,1), respectively. The energy
diagram is obtained using U = 0.2 meV, ¢, = 250 MHz, E, = 10 peV and AE, = 3
neV, which yield fo, ~ 2.8 GHz and fj, =~ 2.1 GHz as qubits resonance frequencies.

Energy Diagram
\

25 T

Energy level, peV
T
|

20 -

25 1 1 1 1 1 1 1 1 1
-250 -200 -150 -100 50 100 150 200 250

-50 0
Energy detuning e, peV

Figure 5.1: Energy diagram of a DQD, derived from the Hubbard Hamiltonian.

Moreover, zooming on one of the two transition zones, e.g. the (0,2) one, the
mechanism that rules the two-qubit interaction can be studied (Figure 5.3). In this
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5.1 — Double quantum dot Hamiltonian

detuning region, the resonance frequency of each qubit varies according to the state
of the other qubit. This conditional change of the resonance frequency of a qubit
is what allows two-qubit gates. Therefore, four frequencies can be defined [11]:

e f1: the resonance frequency of ¢y when ¢ is in |]);
e fo: the resonance frequency of ¢y when ¢ is in |1);
e f3: the resonance frequency of ¢; when ¢ is in |} );
* f4: the resonance frequency of ¢; when ¢ is in |1).

The parameter that sums up this phenomenon is the exchange interaction .J, com-
puted as fo — fi or fy — f3. The four frequencies have been computed on MATLAB
from the energy diagram of Figure 5.1 as

« fi=4 (Elu By )
o fo= 5 (Bpn — Epy);
o f3= 5 (Bpy — Euy);

o fo=3 (B — Bun)-

Their behaviour and the exchange interaction J have been compared with the
outcome of a similar analysis described in [80] (Figure 5.2). Note that the MATLAB
results are numerically different from those of the paper since the input parameters
that describe the system have been chosen to be diverse from the reference values
for sake of clarity in the MATLAB plots.

[y
S(0,2)

1) \

o)

50

Energy (ueV)
o

&
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Frequency
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m . . AW -5
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Detuning, ¢ (meV) Detuning, ¢ (meV)

o
©
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a

Figure 5.2: Results of the exchange interaction analysis. hJ is computed as the
difference between the energy level of |[1]) and |[1) (black dotted line) and their
curvature in the exchange region (yellow and red lines). Adapted from [80].
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Energy Diagram
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Figure 5.3: Zoom on (0,2) transition region. The |1]) and the |]1) states bend in
the vicinity of the crossing with the S(0,2) state and thus the resonance frequencies

change.
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Figure 5.4: Exchange diagram of the system.

60



5.1 — Double quantum dot Hamiltonian

The exchange diagram, i.e. the plot of the four frequencies with respect to the
detuning between the dots, clearly shows the capability of this type of structure
(Figure 5.4). Indeed, one can set the system in the single-qubit gate regime — e.g.
€ < 180 peV — where the resonance frequency of each qubit does not depend on
the state of the other, or in the two-qubit gate one — e.g. 190 peV < e < 200
neV — where instead the conditional variation of the frequencies is active, by just
controlling the value of the detuning. In particular, for a low detuning, the system
is far from the (0,2) transition region and the frequencies are fixed to their nominal
values (~ 2.1 GHz and 2.8 GHz), while for values of detuning similar to U (200 peV),
the frequencies start to vary and one can perform two-qubit gates [76]. This is one of
the strengths of quantum dot qubits, since, as already explained in Section 3.1.2, the
detuning is easily tunable through the application of voltages on the device plunger
gates. This functioning is summed up in the J(e) plot (Figure 5.5). The strength
of the exchange interaction can be tuned through ¢y too, since, for higher tunnel
couplings, the curvature of the |1}) and [|1) states increase, thus incrementing the
hJ value (Figure 5.2).

2.5 T T T T T T

— — N
o 3 o

Exchange interaction J, MHz

I
o

OO 1 1 1 1 1 1
170 175 180 185 190 195 200

Energy detuning e, ueV

Figure 5.5: Exchange interaction variation with respect to the detuning e.

5.1.2 The Schrieffer—Wolff transformation

Despite the S(2,0) and S(0,2) states have to be considered in the Hamiltonian since
their presence strongly influences the structure behaviour, the computational basis
must still be {|171), [14), 41), [{4)}. Hence, the Hamiltonian must be transformed
through an approximation that allows one to reduce its basis to the computational
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5 — Two-qubit manipulation

one, while keeping the extra states contribute to the system. The Schrieffer—Wolff
(SW) transformation perfectly serves this purpose [81]: the idea is that if one
assumes that the operating regime of the system is a range of detuning that never
gets “too close” to the (1,1)-(0,2) (or (1,1)-(2,0)) transitions, the S(2,0) and S(0,2)
states can be neglected. The “too close” is defined by the applicability condition
of this transformation, which is U — € > tg; this constraint, if respected, permits
the transformation of the matrix of Equation (5.1) into the SW Hamiltonian in the

{111, 1), [41), [14)} basis, which is [76, 82]

E. 0 0 0
0 2£ _o(AE,) B(AE,) 0
I1SW P} z z
H" =10 “s@aE)  —2=_oCap)y o |° O
0 0 0 B,

where a (AFE,) and B (AE,) are the terms that take into account the S(2,0) and
S(0,2) states effect on the system. These parameters are defined as
t t
a(AE,) = 0 + 0 ,
( ) U—G—A2Ez U+€_A2Ez

a(AE,) +a(—AE,)
2 Y

(5.3)

B(AE;) =

and they are approximately equal to hQ—J Hence, they represent the exchange inter-
action J effect due to the transition regions in a Hamiltonian written on a basis that
neglects the S(2,0) and S(0,2) states. It is worth noting that the AE, values used
in real quantum devices only slightly influence the o and  parameters: the AF,
usually varies in a range between 107 and 107 eV, whereas U and the detuning e
used in two-qubit gates are always in the meV scale [76].

Now, as in Section 4.1.1, the basis must be changed in order to agree with the
NMR standard, which is {|00), |01), |10), |11)}. The transformation is equivalent
to apply Equation (4.11) to both qubits. This is achievable by defining the change
of basis matrix as

000 1
01l o1l loo1o0
UC:L 01®[1 01:0100 (5-4)
100 0

The result of the transformation is the SW Hamiltonian in the {|{|), [{1), |11},
[11)}={]00), [01), [10), [11)} basis,

—F. 0 0 0
AE
SW 1ISWrrt _ 0 - 2z -« (_AEZ) 6 (AE2> 0
HY = U UL = | | 5 (ABL) ae! aikgy o | 69
0 0 0 FE

z
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5.1 — Double quantum dot Hamiltonian

This is only the static part of the Hamiltonian, which must also describe the in-
teraction between the MW magnetic field used for single-qubit gates and the two
spins. The field is again defined as

El = 231 COS(Wth - ¢1)i, (56)

since it is applied through a MW antenna inside the device, and thus it affects
every qubit in the system. Hence, the MW field is declared in the same way as in
Section 4.1.2. Thus, the Hamiltonian becomes

—F, %wlon %whn 0
h AE. B
HSW — ?wlon T, T (_AEZ> AEB (AEZ) ?whn ’ (57)
SWLL T B(AE,) S5 —a(AE,) jwin
0 gwhn gwlon E,
where 7 = (ej“the_j¢1 + e‘jwatej‘f’l) and w;, = —7; By is the Rabi frequency of

qubit g;.

In order to remove the time dependence of the Hamiltonian, the system must be
brought into a rotating frame. There are different choices for this rotating frame;
the one used in this work is [79]

eIt eIt 0
Unr = G engot]
fei®ot () 0 0
I A 58
o 0 et o |
0 0 0 oot

where @y and Awy are the average and the difference of the resonance frequencies wy,
and wy,, respectively, with wy, associated with qubit ¢;. Applying Equation (4.22)
yields

AU
dt

HY = UppHW UL — jhURE (5.9)
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5 — Two-qubit manipulation

whose two parts are studied separately. The latter is

e~ Jwot 0 0 0
U} 0 IS g 0
AU, RE _ ip .
ST 0 &0
0 0 0 eJwot
joyelvot 0 0 0
0 jAgmert 0 0 (5.10)
0 0 _ i Awg —j 2Ly '
JeSte e 0 _
0 0 0 — jgeIwot
—F, 0 0 0
0o —2E 0 0
10 0 &= 0’
0 0 0 FE,
while the former one is
_Ez %wlon %Wh?? 0
swit  |Bwn —8E —a(-AE)  B(AE)) B
H URF_ h AE h
oW1, 7 BT(AEZ) TZ;Q(AEZ) 2W107
0 l&)l n 5W1gT Ez
2 1 2 0
eJwot 0 0 0
. Awg
0 e=t 0 0
0 0 eI g
0 0 0 g~ Jwot
iy %wlonej%t (5.11)
— CAw
B gwlonej“’ot (—%—a(—AEﬁ) ed =t
By, me=ot B(AE.) el 5"
0 §w11nej%t
B, me iS50t 0
B(AE,) e 75" By, me %ot
AE NE Dot |
22 o (AE,))e 72 2wy, neIwo
(5 —a(am)) e



5.1 — Double quantum dot Hamiltonian

—j@ot —
e OA 0 0 0 —F it
_ 2%, 5 —
Upp HW UL, = 0 e 0 0| |Swiene’™
RF = Awg .
0 0 2t 0 Jwp, neree
0 0 0 elwot 0
. Aw . Aw
h ==0¢ h —j=0¢
Fwiyne’ 2 N sw,ne’ 2A 0
AE =20t —j =50t h —jwot
(_Tz —« (—AEZ)) el B(AE,)e 72 Swi, eI
. Awg _ Awg =
B(AE.) e/ =" (5% —a(AE.)) e fungne 7!
. Aw . Aw J— —
h =0y h —j =0 —jwot
swi,ne’ 2 Swigne ™ 2 B, e~%o (5.12)

_ Ewlonejwoot _%_O‘(_AE,Z)
sw e/t B(AE,) et
0 gwhnejwolt
By ne It 0
BAE) e840t Sy men!
AT% —a(AE;) Jwigne i<’
Swi,ne? oot JoR

The SW Hamiltonian in the rotating frame is thus

0 fwigne vt fuy pe ot 0
Fow _ [bonne ot —a(=AE.)  B{AE.)eTAw Loy pemin! )
= éwhnejwolt B (AEZ) ejAwot —a (AEZ) ELW1077€7jw00t .
O %wllnejwolt %wlonejwoot 0

5.1.3 Two-qubit native gate analysis

The Hamiltonian of Equation (5.13) has to be treated separately for the two-qubit
gates and the single-qubit ones. In the first case, the MW field is switched off, i.e.
B, =0, yielding wy, = 0 Vi. The Hamiltonian becomes

0 0 0 0

~sw |0 —a(=AE,) B(AE,)eiawt (

B =0 gAE)e™t  _a(AE) o (5-14)
0 0 0 0

which shows that it still depends on time though the exponentials of the 3 terms.
The idea is to try to approximate this exponentials with either 1 or 0. The argument
of the exponential is Awyt, where t, the duration of the two-qubit gate, is usually
on the order of tens of ns.
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5 — Two-qubit manipulation

In practice, a two-qubit gate in a DQD device is realized in the following way:
e tp is set to the operating value through the barrier gate;

« Plunger gates are used to set the detuning value in the vicinity of U to activate

J;
e The detuning is brought back to 0 after a time ¢.

It is worth noting that the operation is fully electrical, as it only requires the control
of the gate voltages. The detuning regulation is called .J pulse. This manipulation
generates two possible two-qubit native gates depending on the value of AE, with

respect to to: the vVSWAP and the CPHASE.

Two-qubit native gate analysis: vVSWAP

The first approximation, /2“0t ~ 1, yields

0 0 0
0 —a <_AEZ) 6 (AEz)
0 5 (AEZ) - (AEZ)
0 0 0

0
rrSW o __ 0 .
A5 = ol (5.15)
0

using MATLAB to apply Equation (4.21) to this Hamiltonian, for ¢ = %7? ~ %7‘(,
generates a unitary evolution equal to

U = exp (—‘;ﬁlswt) - (5.16)

o o o
O = O O
o O = O
_ o O O

The physical explanation of this result is the following: in order to have e/2«0* ~ 1,
the product Awgt must be as small as possible. The two terms come from two
different main parameters: Awy is practically equal to the difference between the
Zeeman splittings AFE, up to the A constant, while t is inversely proportional to
the J parameter - and thus to 8 (Section 5.1.2) - which acts like a frequency and
is in turn strongly linked to the tunnel coupling ¢, (see Equation (5.3)). Overall:

AFE, = Awg \L

b J F = 1 (5.17)

This means that the U(t) evolution in Equation (5.16) is obtained when hty (or h.J)
> AFE,. The condition of a small AFE, changes the system energy diagram [76]: the
|11) and the ||1) states get close and mix together, generating the S(1,1) and Ty(1,1)
states described in Section 3.1.3 (Figure 3.10). In these circumstances, the system
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5.1 — Double quantum dot Hamiltonian

basis becomes {T(1,1), To(1,1), S(1,1), T_(N,Ng)}; since the non-zero terms of
the Hamiltonian are in the positions (2,2), (2,3), (3,2) and (3,3) in the matrix of
Equation (5.15), they only affect To(1,1) and S(1,1). Setting t = 7 = g5, the
exchange interaction is applied for an amount of time that yields a phase difference
of m between the S(1,1) and Ty(1,1) states [83]. Suppose now that the system
starts, for ¢ = 0, in the |1]) state; this can be conveniently rewritten as

1) = 5 (1 = 1)+ 1)+ ) = 2 (S(L) +[To(L1)). (.19

Then, after turning on the exchange interaction for ¢t = %7‘( ~ =7, a m phase

difference is applied:

h
28

(IS(1,1)) = [To(1,1)))

(I1) = 1) = 1) = b))
= — 1),

The system has thus undergone a SWAP operation, i.e. the states of the qubits
have been swapped (|1}) — [}1)). Therefore, halving the duration of the gate,
which generates a 7 phase difference, a vVSWAP is realized:

(!S(1,1)> + eI |T0(1,1))) —

Sl
Sl

2
(5.19)

DO | —

1 0 0 0
0 & g

U: 12' 12‘ . (520)
0 5L 220
0 0 0 1

In summary, a device with the v/ SWAP as native gate has a small AE, and is very
fast in performing two-qubit gates. A realistic value for AFE, is 40 neV, which means
Afo ~ 10 MHz, a resonance frequency difference that can be obtained through g-
factor variations due to spin-orbit coupling [84]. The tunnel coupling ¢, is usually
set to a high value , e.g. 900 MHz, to reduce the gate duration, together with a
detuning energy close to U, such as ¢ = 0.61 meV for U = 0.9 meV [11]. This values
yield a vVSWAP duration of 9 ns [84].

Two-qubit native gate analysis: CPHASE

The second approximation, e/2«0* x 0, yields

0 0 0 0

—sw |0 —a(=AE.) 0 0

oY = | 0 Ca(AE) 0| (5.21)
0 0 0 0
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5 — Two-qubit manipulation

This approximation is obtained when the product Awyt is large, meaning that AFE,

must be very high, since the duration of the gate cannot be longer than hundreds

of ns — values of 150 ns are reported [38], but the state of the art trend is to try to

reduce it [42] — for device performance reasons. Hence, the condition is AE, > t,

(or J), which gives a significant difference between the [f]) and the |[1) states,

which are energetically separated (Figure 5.1). Hence, switching on the exchange
1 h

interaction for ¢ = S ~ 35T AT phase difference is applied to these states, yielding

1 000
- Jasw,y |07 00
U= exp( hH t) =100 j o (5.22)
0001
This unitary evolution is, together with a single-qubit Z rotation of —7 on both
qubits, equal to the CPHASE gate:
T T
CPHASE = U,tive Rz, (—2> Ry, (—2> ; (5.23)

it is worth noting that since the phase difference has been chosen to be 7, the
CPHASE is equivalent to a CZ gate.
To sum up, the procedure used to perform this native gate is the same as the
SWAP case; the only difference is that the J pulse lasts twice as long (t = %71’)
Since the large values of resonance frequency difference are usually attained through
the integration of a micromagnet in the structure, which creates a static magnetic
field gradient along the qubits direction, the range of AF, values is very extended.
In fact, it can go from hundreds of neV [38] to tens of neV [80]. CPHASE gates
generally last longer, therefore the values of ¢y and € are usually smaller, e.g. 400
MHz and 0.3 meV, respectively, which give ¢ = 150 ns [84]. Both of these native
two-qubit gates, the VSWAP and the CPHASE, are - again, up to single-qubit
rotations [1] - equivalent to the CNOT, the quantum computing universal two-
qubit gate:

CNOT,, = H,; Ry, (g) Ry, (—2) VSWAP R, (1) VSWAP H,
CNOT,, — H, CPHASE H,.

(5.24)

where the subscript ¢ and ¢ refer to the control and target qubits of the CNOT
gate, respectively.

68



5.1 — Double quantum dot Hamiltonian

5.1.4 Single-qubit gate analysis

For single qubit gates, the exchange interaction is turned off (low detuning and
tunnel coupling), and the MW field is applied. This yields

t tg 23
a(AE;) = ° + 0 ~ =0~ 0,
U—e—2L U4e— 2L U (5.25)
AFE, —-AFE,
s(ap) - ABE)YalaE)
and By # 0, and thus the SW Hamiltonian becomes
h . ¢ wigne ot wi meTIeo! 0. t
SSW wi,me’*% 0 0 wy,ne 740
H>" = 5 Wl?nejwolt 0 0 W1:)77€_jw°0t . (5.26)
0 wynelnt  wy nelwot 0

The neti«o:t term, such as in Equation (4.26), generates the following exponentials:

ne—jwoot — el (wnw —wo)t ,—j¢1 + e—j(wa+w00)t€j¢1;
ne—onlt — ej(wa—wol)te—J¢1 + e—J(wa-I—W()l)teJ¢1;
(5.27)

77ejwoolt — el (wmwtwog)t ,—j¢1 + e—j(wa—woo)tej¢1;

nejwolt — elwnwtwo )t ,—jdr + eI wnw—wog )t pjd1

Now, exponentials with sum arguments can be neglected through the RWA, since

wyrw Will be equal to the wy of the gate target qubit, therefore wyw +wy, is ~ 2wy, .
The RWA Hamiltonian is

0 wloej(wa—woo)te—j%
sw h wloe—j(wa—woo)tej% 0
RWA ™ o wlle—j(wa—wol)tej% 0
0 whe*j(wMW*wol)tej%
whej(wa—wol)te—th 0 (5'28)
0 whej(wa—wol Jte—id1
0 wloej(wa—woo)te—j%
wloe—j(wa—woo)tej% 0
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5 — Two-qubit manipulation

Now, assuming that the single-qubit gate is applied to ¢y (wyw = wo, ), the matrix
becomes

0 wloe*j%
Ba= | e o
2 whe J (0] 6] 1 0
0 wlle—jAwotej¢1
whejﬁwotefjﬁbl 0 (529)
0 wllejAwote—th '
0 w10€_j¢1 )
w10€j¢1 0

thus, the Hamiltonian still depends on time through the e™4«! terms, which,

however, can be neglected using the RWA again. This approximation is quite
strong since it depends from the distance between the qubit resonance frequencies
Awy: single-qubit gates in a DQD need a large Awy to avoid off-resonance effects
on non-target qubits. After this approximation, the Hamiltonian loses the time
dependence, being

0 wlgeijd)l 0 0
~ h |wy, el 0 0 0
swo __ ' 1o .
Hpwa = 9 0 0 0 wloe—m ) (5.30)
0 0 Wy, €79 0

and the unitary evolution matrix of the system can be easily computed on MATLAB
as

U(t) = exp (—21&5%15) : (5.31)

In practice, single qubit gates are implemented applying the MW field for a time
t = % where 6 is the desired rotation angle, and with a phase ¢; that decides the

w1, )

rotation axis, as explained in Section 4.2.2.

5.2 MATLAB model verification

5.2.1 The code structure and its validation

The MATLAB model described in Section 4.2.1 is modified in order to handle two-
qubit gates. The core of the simulation is still the computation of the unitary
evolution of the system, which happens in a dedicated file called qubits control.m.
Here, the Hamiltonian, which depends on the gate applied to the qubits, is com-
puted and the U(t) matrix is carried out through Equation (5.31). The native
two-qubit gates are implemented through the native.m file, which, depending on
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5.2 — MATLAB model verification

the values of ty and AF., understands the device regime and sets the phase differ-
ence due to the exchange interaction — § for the vSWAP and 7 for the CPHASE
— to drive the qubits _control.m file into performing the correct native gate. More-
over, a QASM2.0 interpreter is added to the model to make it compatible with
quantum assembly, the standard language for quantum algorithms programming.
The result of the simulation is a histogram plot of the states probabilities and the
fidelity of the system (Figure 5.6). The latter parameter will be explained in Sec-
tion 6.2.1.

The approximations for the native two-qubit gate described in Section 5.1.3 are
verified comparing the U(¢) computed by the MATLAB model and the one cal-
culated by Quantum Toolbox in Python (QuTiP), a Python-based environment
able to directly solve the Lindblad master equation, employed as a reference. The
verification is performed for a set of values for t; and AFE,, to check the behaviour
of the QuTiP/MATLAB error when these parameters are varied. This analysis is
carried out for both native gate scenarios and for single-qubit gates.

The error ¢ is computed between the unitary evolutions calculated by the two sim-
ulations. In particular, it is carried out using the 2-norm of the difference between
the matrices:

€% = ||Unarcas — Uguripl|, - 100. (5.32)

5.2.2 The vVSWAP case

The vVSWAP gate is modelled through the e/2“0* x~ 1 approximation, yielding a
to > AFE, regime. The input parameters for this simulation are derived from
experimental data in the state of the art [11]. The values extracted from the
reference are the two resonance angular frequencies wy, = 27 fy, = 27(6.9491
GHz) = 43.6625 Grad/s and wy, = 27 fy, = 27(6.9601 GHz) = 43.7316 Grad/s,
which yield Awy = 27Afy = 27(11 MHz) = 69.115 Mrad/s, the duration of the
two-qubit gate is £ = 9 ns and the Coulomb charging energies of the dots U, both
assumed equal to 0.9 meV. The tunnel coupling and detuning are not reported, and
therefore their values are chosen in a reasonable range. ¢y is set to 900 MHz and €
to 0.61 meV: this ensures that the gate duration is 9 ns.

The simulations are performed spanning the ¢y and Awg values around the starting
experimental data (Figure 5.7). The two range of values are:

o Awy = 21Afy = 27[6 : 16] MHz= [37.6991 : 100.5310] Mrad/s;
o to=[0.7:1.1] GHz.
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QASM2.0

{ Interpreter }

Probability
histogram

SetConstants.m
SetParameters.m

Two-qubit gate

[ SetlnputNative.m }:>{ native.m }

Qubit.m

—— > Fidelity

Single-qubit gate

qubits_control.m

Figure 5.6: DQD model MATLAB code structure.
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Figure 5.7 MATLAB-QuTiP error in the vVSWAP regime.
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The behaviour of the error agrees with the theoretical expectations: it is indeed

minimum for low values of Afy and high ¢, since the gate duration ¢ decreases
when ¢, increases. These two conditions yield that the e/2«°! ~ 1 approximation
is more accurate and thus the error is lower. However, in the center of the plot,
where the values derived from the experimental data are represented, the error is
~ 20%, meaning that the MATLAB model is not very accurate in the description
of a realistic DQD structure with the vV SWAP as native gate.
The model validity is also tested on single-qubit gates, in particular on a Rx ()
gate applied on ¢y. The duration of the gate is set through the B; value to t = 500
ns [11], and the error is computed for the same set of AE, values as the two-qubit
gate simulation. On the other hand, the value of t; is set to 0, which translates
in switching off the barrier gate voltage, since in single-qubit gates the exchange
interaction must be negligible.

X Unitary Matrix Error

T T T

20% T T

18%

16%

14%

12%

10%

Error percentage

8%

6%

40/0 1 1 1 1 1 1 1 1 1
6 7 8 9 10 11 12 13 14 15 16

Af(), MHz
Figure 5.8: MATLAB-QuTIP error for a Ry (m) gate on ¢y in the vSWAP regime.

As expected, the error decreases when the resonance frequencies are more dis-
tant, i.e. when the resonance effects are lower. The plot shows oscillations due
to the fact that QuTiP exactly integrates the Hamiltonian during the simulation.
Indeed, the frequency “period” of this oscillation is 2 MHz, which is the inverse of
the period of the integrated Hamiltonian; this value derives from the fact that the

73



5 — Two-qubit manipulation

1

Rx(m) gate duration is ¢t = 500 ns, therefore: fo,. = ; = m = 2 MHz. Ne-

glecting this ringing behaviour, the model error for the operating value AE, = 11
MHz is ~ 10%.

5.2.3 The CPHASE case

The same analysis is performed for the other device operating regime, using the
same type of simulation (Figure 5.9). The input values are again derived from
experimental data [38]: the two resonance angular frequencies are wy, = 27 fy, =
27(15.64 GHz) = 98.2690 Grad/s and wy, = 27 fy, = 27(15.43 GHz) = 96.9495
Grad/s, meaning Awy = 27Afy = 2m(210 MHz) = 1.3195 Grad/s. A tunnel
coupling ty = 400 MHz and a detuning € = 0.3 meV yield a gate duration ¢t = 150
ns; U is again considered equal to 0.9 meV. The two ranges of values are:

e Awy = 2rAfy = 27[50 : 300] MHz= [0.314 : 1.885] Grad/s;
e to = [300 : 600] MHz.

In this regime, the approximation is e/2«0* ~ 0, and the plot shows that the error is

indeed minimum for high AFE, and low t5. The error for the operating experimental
values is less than 2%: the model describes quite precisely this native gate, since,
usually, the practically physical values of AE, for these structures are very high
and thus the approximation holds better.

Again, the single-qubit gate error is explored for a Rx(7) on ¢, setting the gate du-
ration to ¢t = 500 ns [11], tp = 0 and analyzing the same AFE, span as the CPHASE
simulation (Figure 5.10). The error plot shows the same ringing behaviour as Fig-
ure 5.8, but the single-qubit gate error is much lower (~0.5%). The explanation
is straightforward: the CPHASE scenario yield a higher AF,, which allows one
to easily neglect off-resonance effects, thus meaning that the model can accurately
describe single-qubit gates in this operating conditions.
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CPHASE Unitary Matrix Error
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Figure 5.9: MATLAB-QuTiP error in the CPHASE regime.
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Figure 5.10: MATLAB-QuTiP error for a Rx () gate on gy in the CPHASE regime.
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Chapter 6

Noise model implementation
and results comparison

The final part of this thesis is devoted to the analysis of the noise algorithm used
in the compact model to take into account relaxation and decoherence effects. The
fidelity of the noisy model is computed on QuTiP through the simulation of a
sequence of R,(%) gates on each qubit varying the duration of the gate. The ¢
value that maximizes the device fidelity is then used to compare the MATLAB
model and the QuTiP results when relevant quantum circuits and algorithms are
simulated.

6.1 The noise model

6.1.1 Probability redistribution algorithm

Chapter 5 was dedicated to the creation of an ideal compact model of the quantum
device, exploiting some theoretical approximations in order to speed up the simula-
tion time. The non-ideal behaviour of the structure is instead modelled on its own,
depending only on the duration of the applied gate and, obviously on the relevant
noise parameters. The two noise contributions explored in this thesis are relazation
and decoherence [13]. The former effect is responsible for the decay of the state
vector towards the ground state |0): this means that the quantum system tends to
“relax” into the lowest energy state after a certain amount time. Relaxation is usu-
ally modelled through the time constant 77, called relaxation time. On the other
hand, decoherence appears when the quantum system is not completely isolated
from the environment: this condition generates the loss of the system phase infor-
mation with time. The time constant related to this mechanism is the decoherence
time T5.
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6 — Noise model implementation and results comparison

The two non-ideal effects are modelled through a noise algorithm [15] which com-

putes decoherence adding an exponential decay to the off-diagonal terms of the

system density matrix, and relaxation through a probability redistribution. The

effects on a single-qubit density matrix in the time domain can be written as [16]
(a — ao)e:ii1 + ag b?;% ’ (6.1)

bre T2 (ap —a)e T +1—ag

where a and ag are the probabilities of measuring the qubit in |0) for ¢ = 0 and

t — o0, respectively. The algorithm tries to efficiently extend this formalism to the

multi-qubit case.

The two effects are described separately; the decoherence process is modelled by a

matrix, computed as the Kronecker product of the decoherence matrices of each of

the n qubit:
0

D= Q@ D;=D, 1®---Dy, (6.2)

i=n—1

D= , (6.3)
e "2 1

where T5, is the decoherence time of the qubit ¢;. The whole D matrix is then
multiplied element by element to the system density matrix p.

On the other hand, the relaxation process is seen as a loss of probability of the three
excited states (|01), |10) and |11)); this probability is then given to the ground state
|00). This phenomenon is described by a relaxation vector calculated as

where

1 _ -
ot 70,0
e o r1,1
0 1 ’
i=n—1 |€ "
n—1 t r
exp (— bl T11> [72n—1,2n—1

where 77, is relaxation time of the qubit ¢;. This vector is multiplied by the main
diagonal of the density matrix p; then, the total probability lost by the excited
states due to relaxation is then computed as the sum of each state probability loss:

Plosttot = Z Plost;C == Z(l - Tk,k)ﬂk,kv (65)
k k

where py, 1 is the (k,k) element of the density matrix p. Pjys,,, is then summed to the
p(1,1) element, which represent the probability of the state |00). The probability
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6.1 — The noise model

lost because of the relaxation phenomenon is thus all stored into the ground state
of the system; this last step ensures that the trace of the system density matrix is
unitary (Tr(p) = 1).

This algorithm is tested separately for the relaxation and the decoherence part.
The former is verified initializing the system to |00) and applying a Rx(mw) on
¢q1 and o individually and leaving the system freely evolve for a certain amount
of time to check the relaxation behaviour of the single qubit. Then, the same
procedure is applied to both qubits at the same time to see the effect on the whole
system. The relaxation times of the qubits are taken from [38]: 77, = 20.1 ms and
T}, = 20.4 ms. The probability of the state related to the case under simulation
— e.g. when the Rx(w) is applied only on ¢, one needs to look at the |01) state
— is plotted with respect to the time period of the system free evolution. If, when
analyzing single qubits, this probability is equal to e™! = 36.788% for t = T7,, the
relaxation effect is correct. Instead, for the two-qubit analysis, the probability of

|11) must be 36.788% for t = % = 10.124 ms, since the exponential decreases
1 0
as —t (Tl + T1> Indeed, the plots show that the probabilities decay to 36.788%
1y 1o

at the correct ¢ instant in all three cases (Figure 6.1).

Relaxation of ¢; Relaxation of ¢

[10) probability
[01) probability

I

I

I

I

I

I

I

I

L L L L L L T L 1l L L L L L T

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
time t, ms time t, ms

(a) T3, analysis. (b) Ty, analysis.

Relaxation of ¢, and g
100% T T T - -

90%

t=10.124 ms
P(|01)) = 36.788%

1) probability

thn:(;) m:o 70 8‘0 96 100
(c) Combined T3, and T3, analysis.
Figure 6.1: Relaxation decay for ¢, gy and both qubits together.
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6 — Noise model implementation and results comparison

The procedure employed for the decoherence analysis is similar: starting from
|00), a Ry(5) is performed on ¢y and q; separately and then on both of them
together. The decoherence matrix used in the algorithm is

__t __t_
1 e ™ 1 e ™o
__t_ ® ot =
e ™ 1 e "2 1
[ ot ot (i 1)
1 e T2 e T2 e t(T21+T20)
ot _t<4+¢) Lt (6.6)
e T2 1 e T2y Ty e T2
o t 1 1 t ’
() s
e T2 e <T21 T2 1 e T2
4 LJFL) ot ot
e <T21 T2 e ™ e T2 1 i

where 75, and 75, are the decoherence time constants of ¢; and ¢qg, respectively.
Since this matrix is multiplied element by element to the system density matrix
p, the terms that one has to inspect after the free evolution are (using MATLAB
matrix notation):

e p(1,2) for the Ty, constant;
« p(1,3) for the T5, constant;

e p(1,4) for the two decoherence effects combined.

However, the initial value of these density matrix elements is not 1; therefore,
assuming to analyze Ty, the value p(1,2) = k for ¢ = 0 must be taken into account.
Indeed, one must verify that p(1,2) = ke™! for t = Ty, where k is computed at the
start of the simulation, after the application of the single-qubit gate. The p values
for the three analyses are:

o k=04814 = p(1,2) = ke ! = 17.711% for t = Ty,;

e k=04799 = p(1,3) = ke ! = 17.655% for t = Ty,

To Toy |
Toy 4Ty

o k=0.2218 = p(1,4) = ke™! =8.16% for t =

The decoherence times used are again taken from [38]: T3, = 6.1 pnsand Ty, = 6.6 ps,

T?f;g = 3.17 ps. The plots depict a correct behaviour of the decoherence
1 0

decay, meaning that the noise algorithm has been properly implemented in the
MATLAB model (Figure 6.2).

yielding

82



6.2 — Quantum algorithms simulation

Decoherence of ¢,

Decoherence of gy
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(a) Ty, analysis. (b) T3, analysis.

Decoherence of ¢; and ¢
25% T T T - -

20%

15%

p(1,4)

10%

5% -

0%

20 25 30 35 40 45 50
time t, ps

(¢) Combined T3, and Ty, analysis.

Figure 6.2: Decoherence decay for qi, go and both qubits together.

6.2 Quantum algorithms simulation

6.2.1 Fidelity analysis

The noise model described in Section 6.1.1 is implemented in QuTiP too, in order
to have a reference that considers relaxation and decoherence contributions. The
fidelity of the system, i.e. the measure of the “closeness” of the noisy model to the
ideal quantum system, is thus analyzed in QuTiP. The fidelity is computed as [16]

F([),p) =&l pl), (6.7)

where |¢) is the ideal state vector, computed multiplying the initial state vector
for the ideal unitary matrices of the gate applied to the qubits, and p is the density
matrix, calculated through the model and the noise algorithm. Therefore, F is a
quantity between 0 and 1 that indicates how close is the quantum system described
by the density matrix p to the ideal one expressed by the state vector |¢).

The fidelity is calculated applying a sequence of Rx (%) from the most significant
qubit to (g1) to the least significant one (go). The simulation is repeated for a range
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6 — Noise model implementation and results comparison

of gate durations: ¢ = [2:200] ns; w; — and thus B; — is changed accordingly to
ensure that the rotation angle of single-qubit gate is 6 = 7, since § = wt. The
resonance angular frequencies are wy, = 2w fy, = 27(15.64 GHz) = 98.2690 Grad/s
and woy, = 27 fo, = 2m(15.43 GHz) = 96.9495 Grad/s, while the relaxation and
decoherence time constants are set to 7}, = 20.1 ms, T3, = 20.4 ms, T, = 6.1 ps
and Ty, = 6.6 ps [38].

The fidelity behaviour shows that the longer the gate is applied, the worse is the
performance of the hardware, which however, in the simulated range, keeps a fidelity
value > 0.985 (Figure 6.3a). The initial ringing is again due to the exact integration
of the Hamiltonian carried out by QuTiP, which, as shown in the zoomed plot,
causes an oscillating behaviour with a period of ~ 4.75 ns (Figure 6.3b). This is
the period of the integrated Hamiltonian and it is related to the difference between
the resonance frequencies of the qubits; in fact, t,s. = ﬁ = m ~ 4.78 ns.
Moreover, the effects of the duration of the single-qubit gate can be divided into
two behaviours:

o Short MW pulses: the Fourier spectrum is broad and the off-resonance is thus
pronounced but relaxation and decoherence are weak;

e Long MW pulses: a narrow Fourier spectrum yields lower off-resonance effects
but larger relaxation and decoherence.

This justifies the substantial oscillations at the start of the fidelity plot, where the
duration is small and thus the off-resonance is dominant.

Fidelity Ry (%) Fidelity Rx (%)
1.000 T T T 1.000 T T T
0.995 - B 0.995 -
0.990 - B 0.990 -
0.985 - 4 0.985
= 0.980 - B = 0.980
:%: 0.975 - ,%: 0.975 -
- 0.970 [ { = 0.970
0.965 | 1 0.965 |-
0.960 - q 0.960
0.955 1 0.955 -
0.950 . . . . . . . ‘ ‘ 0.950 . ‘ ‘ ‘ . . . ‘ \
0 20 40 60 80 100 120 140 160 180 200 0 2 4 6 8 10 12 14 16 18 20
Gate duration t, ns Gate duration t, ns
(a) Fidelity behaviour. (b) Zoom on the initial ringing.

Figure 6.3: QuTiP fidelity of a sequence of Rx (%) gate on each qubit.
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6.2 — Quantum algorithms simulation

6.2.2 Ideal and noisy results

The MATLAB model has been also tested with some relevant quantum circuits and
algorithms; its results have been compared to the QuTiP simulations. The system
has been examined in the CPHASE regime, since, according to Section 5.2.3, it
is where the error between the MATLAB approximations and the QuTiP exact
Hamiltonian integration is lower. Therefore, the resonance angular frequencies
are again set to wy, = 2mfy, = 27(15.64 GHz) = 98.2690 Grad/s and wy, =
271 fo, = 2m(15.43 GHz) = 96.9495 Grad/s, yielding a Awy = 2rAfy = 27(210
MHZ) = 1.3195 Grad/s. while the relaxation and decoherence time constants are
Ty, = 20.1ms, Ty, = 20.4 ms, Ty, = 6.1 ps and Ty, = 6.6 ps [38]. Asin Section 5.2.3,
the native two qubit gate is performed with t, = 400 MHz and € = 0.3 meV, with
a U equal to 0.9 meV: the two-qubit native gate duration is thus 150 ns. On the
other hand, the simulations have been ran with two different single-qubit gate time
values, where the reference gate is a Rx(5):

o t =14.2 ns, which means B; = —“* = ZLM ~ 632.70 pnT: this ¢ value maximizes

the device fidelity, as shown in Figure 6.3b;

o t =250 ns, which means B; ~ 35.975 pT: this is extracted from experimental
data in literature [38].

The distance between the density matrix computed by the MATLAB model and the
one calculated by QuTiP is measured through the Kullback-Leibler (KL) divergence
[85, 86]. The probability of each state is derived from the diagonal of the density
matrix and the KL divergence is computed as

D= 3= Plled)tons (1), (69

where n is the number of qubits, |e;) are the orthonormal eigenstates of the o,
operator (|0---0),---,|1---0)) and

P(lei)) = pmarLas(i,7)

Q(le:)) = pqurip (i, 7).
If the probabilities coincide, Dy is equal to 0, meaning that the smaller the KL
divergence is, the closer the probabilities are.

(6.9)

The Bell state

The first simulation is run on the circuit that generates the Bell state % (|00) + |11))
from |g1qgo) = |00), which is:

|@0) = 10) — H|—¢—
) =10) ————
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6 — Noise model implementation and results comparison

The results between the two models are very similar for ¢ = 250 ns (Figure 6.4),
with Dgp = 0.0254 and t = 14.2 ns (Figure 6.5), where Dy = 0.1679. The
significant discrepancies between the two simulations are the probabilities of the
states |01) and [10); this is caused by the fact that, when ¢ = 250 ns, decoherence
effects become relevant, whereas a single-qubit gate duration of 14.2 ns is too fast

to

Probability

Probability

see the non-idealities.
MATLARB state probabilities QuTiP state probabilities
100% | 1 100%}
90% - 4 90% -
80% - T 80%
70% - 1y T0%)
60% - ] ;E} 60% -
50% - 14 50%t
42.58% 42.56% = 42.52% 42.61%
40% - TR 40%
30% - T 30%
20% | 1 20%t
10% t 7.43% 10% + 7.51% 7.34%
0% 0%
|00) |01) |10) [11) |00) |01) |10) [11)
States States
(a) MATLAB model results. (b) QuTiP results.
Figure 6.4: Probability comparison for a Bell state for ¢ = 250 ns.
State probabilities State probabilities
100% |- 1 100% |
90% - 1 90%
80% - T 80%
70% - 1 T0%
60% 12 60%
50% L 48.94% 48.94% i ,_é 50% L 49.22% 47.92%
40% + {8 40%+
30% | T 30%
20% | 1 20%t
10% | {1 10%}t
0% 1.06% 1.06% 0% 1.41% 1.44%
[00) |01) [10) 1) [00) [01) [10) [11)
States States
(a) MATLAB model results. (b) QuTiP results.

Figure 6.5: Probability comparison for a Bell state for t = 14.2 ns.

However, these results do not show a crucial difference between the MATLAB

and QuTiP model in the ¢ = 14.2 ns case. As mentioned in Section 6.2.1, short
MW pulses generate large off-resonance effects; this mathematically translates into
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6.2 — Quantum algorithms simulation

the fact that the RWA used on the single-qubit Hamiltonian in Equation (5.30) is
not sufficiently valid. Indeed, the 2-norm of the difference of the MATLAB and
QuTiP density matrices gives an error of 27.61% due to off-resonance effects. The
t = 250 ns simulation is not affected by this error (~0.58%); this has already been
demonstrated in Section 5.2.3 (Figure 5.10).

SWAP gate

The next simulation models the implementation of a SWAP gate between the |0)
and |+) = %(](D + |1)) states. The circuit is:

o) = 10) —{ H |

1) = [0) ———

The SWAP is realized through three CNOT gates in the following way [87]:

|g0) = |0) @ S

1) = 10)

%
N
>

a
'

The results for ¢ = 250 ns (Figure 6.6) give Dg; = 0.0562 and show that the
state probabilities almost coincide. As in the Bell state simulation, the decoher-
ence and relaxation affect the two systems in the same way since the noise algorithm
is identical in the two models. When ¢ = 14.2 ns (Figure 6.7), D = 0.0339 and
thus the probability distribution are almost the same, but the overall system den-
sity matrices of the two models are separated by an error of 5.18% due to the
off-resonance effects.

The test is repeated on the same gate modifying the input states and realizing a
SWAP between |0) and |1):

lq0) = 10) X -P—e—
|q1) = |0) &b
This circuit gives the usual similar results for ¢ = 250 ns (Figure 6.8), with

Dgyr = 0.0732, whereas the ¢ = 14.2 ns case (Figure 6.9) shows a higher error
with respect to the precedent SWAP implementation, yielding Dy = 0.6209 and
an error between the models of 14.3312%. Both SWAP tests for ¢t = 250 ns suffer
from a more evident decoherence with respect to the Bell case, since the circuit
clearly lasts longer and the noise effects begin to appear.
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(a) MATLAB model results.
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(b) QuTiP results.

Figure 6.6: Probability comparison for a SWAP gate between the |0) and |+) states
for ¢ = 250 ns.
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(a) MATLAB model results.
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(b) QuTiP results.

Figure 6.7: Probability comparison for a SWAP gate between the |0) and |+) states
for t = 14.2 ns.
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Probability

100% +
90% r
80% +
70% +
60% +
50% -
40% r
30% +
20% r
10% +

0%

State probabilities

57.72% q

14.53% 13.94%

13.82%

|00) |01) |10) [11)
States

(a) MATLAB model results.
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Figure 6.8: Probability comparison for a SWAP gate between the |0) and |1) states
for ¢ = 250 ns.
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(a) MATLAB model results.
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2.93%

Figure 6.9: Probability comparison for a SWAP gate between the |0) and |1) states
for t = 14.2 ns.

Deutsch’s algorithm

Supposing there is a function f defined on the alphabet [0, 1], with output in the
same alphabet, i.e. f:[0,1] — [0, 1]; there are then four possible scenarios:

« f(0)=f(1) =05
« f(O)=/(1) =1
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. £(0)=0and f(1) = 1,
« f(0)=1and f(1) =0.

The first two functions are called constant functions, whereas the last two are bal-
anced functions. Given f, the Deutsch’s algorithm [88] is able to tell if the function
is constant or balanced without computing its output for both inputs. The first
step of a quantum algorithm is usually the application of the Hadamard gate on
every qubit to send them into a superposition of states. If the input is a superposi-
tion of n equally probable states, the function will be simultaneously computed for
each state. This is not of help since the output is a superposition of states too, and
all states have still the same outcome probability. However, quantum parallelism
is still a very useful tool in quantum algorithm, since an appropriate manipulation
of the complex probability amplitudes can, in some cases, increase the probability
of the desired outcome exploiting the superposition of states. In the Deutsch’s al-
gorithm, this operation is the use of the oracle Uy, which corresponds the following
gate, where f(x) is the value of the function for the input x:

|z) |z)
Uy

y) ly @ f(x))

The full circuit that implements this algorithm is:

|qo>:|o>U
f
|Q1>:|0>

Note that Uy is only evaluated once in the algorithm, while classical algorithms
would have called f twice to check both inputs. The output of the algorithm is
measured on ¢g, which is:

e |0) if f is constant;
o« |1) if f is balanced.

The simulation has been run with a balanced f, i.e. f(z) = z, therefore the oracle
is equivalent to a CNOT gate (y & f(z) = y @ ) and the circuit is [89]:

lq0) = 10) ———{H ]
lq1) = 10) H €

A\
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6.2 — Quantum algorithms simulation

The algorithm is executed correctly since the most probable final state of qq is
|1), as expected for the balanced f. For ¢ = 250 ns (Figure 6.10), the Dy, is 0.0473
and the MATLAB/QuTiP error is minimal, but the results are quite degraded by
decoherence since the algorithm is quite long. For ¢ = 14.2 ns (Figure 6.11), the
error is evidently larger, as Dy, = 7.4771 and an error of 30%, meaning that the
off-resonance effects are very strong in this simulation.

State probabilities State probabilities
100% f 100%
90% t 4 90% t
80% 1 80% -
70% 1 70%
ey ey
= 60% - 182 60%
= =
2 50% - 12 50% ¢t
2 2
A A0% ¢ 35.46% 35.45% 1 40% ¢ 35.62% 35.07%
30% 30%
20% t 20% +
10% + 10%
0% 0%
|00) |01) |10) [11) [00) |01) |10) [11)
States States
(a) MATLAB model results. (b) QuTiP results.

Figure 6.10: Probability comparison for the Deutsch’s algorithm with balanced f
for ¢t = 250 ns.
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10% {1 10%} .
0% 1.72% 1.72% 0% 3.73%
[00) [01) [10) [11) [00) [01) [10) [11)
States States
(a) MATLAB model results. (b) QuTiP results.

Figure 6.11: Probability comparison for the Deutsch’s algorithm with balanced f
for t = 14.2 ns.
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Grover’s algorithm

Suppose a large list of N unsorted items is given. Among all items there is one
particular element that possess a special property: this is called the winner w.
Using classical computation, one would have to check on average % items to find
the winner (N items in the worst case). The Grover’s search algorithm [90] takes
roughly v/ N steps. The first building block of the circuit is the set of Hadamard
gates on each qubit to ensure superposition of states and combined evaluation. The
quantum parallelism is exploited by the oracle U,, which adds a negative phase to
the winner state:

|x) for |z) +w

—|x) for |z)=w °

Uslz) = { (6.10)

The oracle will be a diagonal matrix where only the term that corresponds to the
winner state has a negative phase. For two qubits and w = |11), it will be

100 0
010 0

Uo=Ucz=1y 01 o (6.11)
000 —1

The amplitude amplification of the winner state w is performed by the diffuser Ug
[91]. The general Grover algorithm is then:

|90) = 10) —

U, Us

1) = [0) L

The output |g1qo) is the winner state w. The simulation has been run for w = |11),
therefore the circuit is [92]:

— — — -

@) = [0) s iz e[ )

o) = 10) ~[HISHE} {2+ [H- 1)

The most probable is indeed |11), despite the relaxation and decoherence effects are
now clearly visible in the ¢t = 250 ns simulation (Figure 6.12), since the algorithm
performs more gates than the previous circuits and thus the device manipulation
time is longer. However, the error between the two models is still very low, with a
Dy, = 0.0669. On the other hand, the test with ¢ = 14.2 ns carries out a better
result in terms of |11) probability (Figure 6.13), since the non-ideal effects are weak.
However, the discrepancy between the models is quite large, giving Dy = 1.2241
and an error of 19.0532%.
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Figure 6.12: Probability comparison for the Grover’s algorithm with w = |11) for
t = 250 ns.
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Chapter 7
Conclusions

The goal of this thesis was to realize a compact model able to simulate a semicon-
ductor double quantum dot device, looking for a compromise between accuracy and
computational complexity. The core of the work has been the construction of the
compact model itself, starting from the characteristic Hamiltonian of the quantum
system and using different types of approximations. The DQD device has been ini-
tially described by the six-state Hubbard model, whose basis has been reduced to
the computational one through the Schrieffer-Wolff transformation. The resulting
two-qubit spin Hamiltonian was observed to be similar to the NMR implementa-
tion up to a change of basis. For this reason, the model derivation has been shaped
following the inheritance of the compatible NMR formalism. This also permitted
to obtain a time-independent Hamiltonian of the system, which in turn allowed
a simpler evaluation of the qubits dynamics. The results of the model have been
compared to a reference simulator, QuTiP, capable of solving the Lindblad master
equation, and the model approximations have been verified in different operating
cases. Indeed, the two native gate regimes of a DQD device have been tested an the
MATLAB/QuTiP error has been analyzed for two-qubit and single-qubit gates.
The model has proved to be well performing in the simulation where the native gate
was the CPHASE, whereas the error was slightly but notably higher in the v/ SWAP
case. The main source of error in the simulations was the off-resonance effect when
performing single-qubit gates. In fact, the RWA employed on the Hamiltonian to
remove the time-dependent terms related to the non-target qubit was quite strong
and worked properly only when the qubits resonance frequencies were sufficiently
distant and the single-qubit gates were long enough. However, the state of the art
hardwares tend to utilize the CPHASE gate more often than the v SWAP one and
the single-qubit gates are usually the longest type of gate in spin-qubit devices,
therefore the model correctly works in the most common scenario.

Then, an efficient noise model developed in [15] to describe the relaxation and deco-
herence phenomena in spin qubit systems has been implemented in the MATLAB
compact model. The noise algorithm proved to be correctly achieving its purpose
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and its effect were evidently clear in the longer circuit simulations. On the other
hand, for smaller gate times, the off-resonance effects became relevant and the the
MATLAB/QuTiP error was notably degraded.

The most relevant advantage of the compact model has been its simulation time.
Indeed, the QuTiP simulations were very long and computationally demanding,
taking even hours for the most precise simulations (~ 1200 data points). Instead,
the MATLAB model has always been very performing in this aspect, taking at
most seconds for the same set of simulations. Therefore, from the simulation time
point of view, the compact model has achieved its goal of outperforming a formal
exact simulation, still producing reliable results.

Overall, the compact model approach has demonstrated to be capable of handling
quite accurately a quantum circuit simulation. However, owing to the versatility
of the compact model, there are different types of enhancement applicable. The
most crucial one is the comparison with a real hardware: there are indeed some
already available frameworks that permit to execute quantum circuits on existing
semiconductor quantum computers, such as the Quantum Inspire by the QuTech
group at TU Delft [38], through a cloud access. Testing the compact model through
a physical device simulation is a very useful tool to evaluate the capabilities of the
model and, in particular, to compare the modelled noise to the device real noise.
This comparison would also permit to include in the compact model additional
noise sources, such as the temperature and the interaction with the magnetic field.
In this context, it is important to mention the modelling of the state readout op-
eration, which is one of the most crucial and problematic parts of semiconductor
quantum computers. Indeed, this operation is a fundamental piece of the device
functioning, and directly influences the outcome of a real hardware, since it is al-
ways performed after the manipulation. The readout introduces a huge amount of
noise and has to be performed in a very precise manner in order to yield a correct
outcome. Hence, in order to compare the model to a real hardware, one has to take
into account the readout operation and its strong non-ideality.

Another idea comes from the natural aim of a device simulation: being able to
inspect the performance of the device when varying the technological steps used
to realize it or its materials opens the possibility of device engineering. In order
to perform this type of simulation, one has to implement a low-level model, which
calculates the device physical parameters, such as g-factor, valley splitting — and,
more in general, the system energy levels distribution — and nuclear noise, from
the definition of the structure itself (i.e. the dimensions of the layers). This can
be done through the help of low-level simulators, whose results can be used to see
the behaviour — e.g. through a fitting — of the device relevant parameters for
different structure realizations. These results can be then implemented in the com-
pact model, which will take the structure technological parameters and perform an
extra step to compute the required system parameters. The outcome of the model
simulation will then be dependent on how the device has been practically realized,
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allowing performance optimizations.

Furthermore, as of now, the model is only able to handle a double quantum dot
structure and thus a maximum of two qubits. This matter can be solved from the
model programming point of view, expanding the analysis to the case of n qubits
by finding a general expression for the Hubbard model, able to describe n quantum
dots and their interaction. This proves to be useful in the simulation of more com-
plex structures involving more than two qubits and complex quantum circuits.
Since the model is based on the spin—% encoding, it is straightforward that a fu-
ture improvement might be the implementation of different encodings, such as the
singlet-triplet, the exchange-only and the charge one. This would obviously require
the study of their manipulation techniques, which usually depend on the encoding.
Hence, the system theoretical analysis must be carried out again, but, since the
spin—% qubits incorporate the most relevant features of the spin quantum dots de-
vice, one could probably make use of the work performed in this thesis and adapt
it to the case under study.

The route towards practically employable quantum computing must inevitably pass
through quantum device engineering. Even if the prototype model developed in this
thesis is still not able to allow a performance analysis based on low-level parame-
ters, it might still be a starting point towards the enhancement of semiconductor

quantum devices.
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