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Summary

Quantum computers can solve specific problems with practical applications effi-
ciently faster than classical computers. Spin qubits in semiconductor quantum dots
are one of the most promising physical realizations of the quantum computers. This
thesis aims to investigate the dynamics of semiconductor spin qubits in their ac-
tual environment. Specifically, we aim to understand how the actual environment
of the spin qubits give rise to nonlinear response of the qubits to external driving,
crosstalk, dephasing (T processes), and the temperature-dependence of the qubit
frequency.

Chapter 3 reports on experimental observation of the nonlinear response of the
spin qubits to external driving as well as the crosstalk effect, where the Rabi fre-
quency of an adjacent qubit changes as the target qubit is driven. We propose a
phenomenological model that relates the external drivings to the observed dynamics
of the spin qubits. The physical mechanism that give rise to these phenomena could
not be reproduced in our analysis.

Given the progress in reducing noise sources in the spin qubits environment, it
is pertinent to investigate the dephasing of spin qubits in a sparse bath of defects.
In Chapter 4, we theoretically investigate the qubit dephasing, as measured in the
Ramsey and Hahn echo experiments, in a sparse bath of two-level fluctuators (TLFs)
with 1/f spectral density. We find that although the spectral density remains
approximately unchanged, the coherence times become more variable as the bath
becomes more sparse. We also find that in a sparse bath the qubit decoherence is
dominated by only a fraction of TLF defects. Removing these defects results in a
significant improvement of the coherence times.

Chapter 5 explores the potential of a bath of TLFs in elucidating the frequency
shifts of spin qubits with temperature and the temperature insensitivity of Ramsey
and echo decay times. These effects have been observed in experiments. By tuning
the bath parameters, we are able to replicate the observed qubit frequency shift.
However, our simulations reveal a decrease in qubit decoherence with temperature,
which is inconsistent with the experimental findings.

On the whole, Chapters 3 and 5 aim to refine the models that we use to describe
the dynamics of spin qubit in their environment. On the other hand, the theoretical
work in Chapter 4 is inspired by the experimental observation of the variability
of qubit decoherence and offers suggestions to improve coherence times in certain
parameter regimes.
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Samenvatting

Kwantumcomputers kunnen specifieke problemen met praktische toepassingen ef-
ficiénter en sneller oplossen dan klassieke computers. Spin qubits in halfgeleider
kwantum dots zijn een van de meest veelbelovende fysieke realisaties van de kwan-
tumcomputers. Dit proefschrift heeft tot doel de dynamiek van halfgeleider spin
qubits in hun werkelijke omgeving te onderzoeken. Specifiek willen we begrijpen
hoe de werkelijke omgeving van de spin qubits leidt tot een niet-lineaire respons van
de qubits op externe aansturing, crosstalk, dephasing (T»-processen) en de tempe-
ratuurafhankelijkheid van de qubit frequentie.

Hoofdstuk 3 rapporteert over experimentele observatie van de niet-lineaire res-
pons van de spin qubits op externe aansturing, evenals het crosstalk-effect, waarbij
de Rabi-frequentie van een aangrenzende qubit verandert wanneer de doel-qubit
wordt aangestuurd. We stellen een fenomenologisch model voor dat de externe aan-
sturingen relateert aan de waargenomen dynamiek van de spin qubits. Het fysieke
mechanisme dat aanleiding geeft tot deze verschijnselen kon in onze analyse niet
worden gereproduceerd.

Gezien de vooruitgang in het verminderen van ruisbronnen in de omgeving van
spin qubits, is het relevant om de dephasing van spin qubits in een spaarzaam bad
van defecten te onderzoeken. In Hoofdstuk 4 onderzoeken we theoretisch de dep-
hasing van qubits, zoals gemeten in de Ramsey en Hahn-echo experimenten, in een
spaarzaam bad van Two-Level Fluctuatoren (TLF’s) met 1/f spectrale dichtheid.
We vinden dat hoewel de spectrale dichtheid ongeveer onveranderd blijft, de cohe-
rentietijden variabeler worden naarmate het bad schaarser wordt. We vinden ook
dat in een spaarzaam bad de qubit-decoherentie wordt gedomineerd door slechts
een fractie van TLF-defecten. Het verwijderen van deze defecten resulteert in een
significante verbetering van de coherentietijden.

Hoofdstuk 5 verkent het potentieel van een bad van TLF’s om de frequentiever-
schuivingen van spin qubits met temperatuur en de temperatuuronafhankelijkheid
van Ramsey- en echo-vervaltijden te verduidelijken. Deze effecten zijn waargeno-
men in experimenten. Door de badparameters af te stemmen, kunnen we de waar-
genomen qubit-frequentieverschuiving repliceren. Onze simulaties laten echter een
afname zien in de decoherentie van qubits met de temperatuur, wat inconsistent is
met de experimentele bevindingen.

Over het algemeen genomen hebben de hoofdstukken 3 en 5 tot doel de modellen
te verfijnen die we gebruiken om de dynamiek van spin qubit in hun omgeving te
beschrijven. Aan de andere kant is het theoretische werk in Hoofdstuk 4 geinspireerd
door de experimentele observatie van de variabiliteit van qubit-decoherentie en biedt
het suggesties om de coherentietijden in bepaalde parameterregimes te verbeteren.
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Introduction

The development of a scalable quantum computer based on semiconductor spin
qubits requires a thorough understanding of the dynamics of these qubits in their
actual environment. In this chapter, we provide a brief overview of the physical
system that we are concerned with, and point at the mechanisms that hinder our
progress towards building a scalable quantum computer based on semiconductor
quantum dots.



2 1. INTRODUCTION

1.1. MOTIVATION

CIENTIFIC research can be likened to exploring uncharted territories, where the

landscape is shaped by the work of those who have come before. Our objective
may be to build upon existing discoveries, find connections between well-established
principles, or investigate unusual phenomena that arise in unfamiliar domains. This
thesis reports on such a journey within the realm of quantum science and technology.
In this section, we outline the key areas of exploration and the specific challenges
we aim to address.

At the heart of quantum science and technology lies the promise of harnessing
physical laws governing quantum mechanical systems to revolutionize various fields,
including secure communication, ultra-precise sensing, and computation [1]. One
of the most transformative applications is quantum computing, which leverages
the unique quantum phenomena, such as superposition and entanglement, to solve
certain problems more efficiently than classical computers [2—4].

The basic unit of representing data in a quantum computer, the qubit, can be
physically realized using any two-state quantum mechanical system. Semiconductor
quantum dot spin qubits, in particular, hold great promise for the realization of large
qubit registers due to their compatibility with established semiconductor fabrication
techniques, making them strong candidates for scalable quantum computing [5-7].
There are several types of semiconductor spin qubits, which differ in their definitions
and device structures (for a review, see Refs. [7-9]). This thesis explores a specific
type of semiconductor spin qubits, defined as the spin states of single electrons
confined to semiconductor quantum dots [10].

Semiconductor quantum dots are small disks formed in a two-dimensional elec-
tron gas, shaped by the electrostatic potentials of metallic gates on a semiconductor
heterostructure. In this thesis, we focus primarily on spin qubits in Si/SiGe het-
erostructures, although the models presented may also be applicable to other device
structures, such as SiMOS [9], and even to other types of qubits like superconducting
qubits. In Si/SiGe devices, single-qubit gates are implemented via electric-dipole
spin resonance, while two-qubit gates are based on the exchange interaction be-
tween neighboring electron spins, controlled by electrical gating of the potential
barrier between adjacent dots. Several key factors make qubit registers composed of
arrays of quantum dots promising for quantum computing: high-fidelity single- and
two-qubit gates, robust electrical initialization and readout, long coherence times,
and the small physical size of the qubits, which facilitates scalability [11-13]. For a
comprehensive review of various aspects of semiconductor spin qubits, see Ref. [7].

Semiconductor spin qubits are susceptible to a range of undesired effects origi-
nating from their environment within the intricate quantum dot device structure [7].
By studying the dynamics of spin qubits, this thesis aims to gain insights into phe-
nomena such as decoherence, crosstalk, unusual responses to pulsed electromagnetic
fields, and unexpected dependencies on physical conditions like temperature. Inves-
tigating these effects offers valuable insights into the qubits’ environment, which can
contribute to the fabrication of higher-quality qubit devices and optimizing quantum
control techniques.



1.2. THESIS STRUCTURE 3

Despite decades of research, the environment of semiconductor spin qubits is
still not fully understood. This is partly due to the continuous evolution of device
materials and structures, as well as the increasing number of qubits in prototype
quantum computers, which introduces new challenges. In the early stages of investi-
gating noise-induced qubit decoherence, much of the focus was on noise originating
from the atomic nuclei of the host material [14, 15]. However, this magnetic noise
was largely mitigated by using isotopically purified 22Si, reducing the concentration
of residual 2°Si nuclear spins to around 800 ppm, and shifting the primary source of
decoherence to electric noise [16]. Moreover, recent efforts to scale spin qubits into
larger arrays have underscored the need to better understand crosstalk mechanisms,
possibly arising from qubit-environment coupling [17]. Additionally, the desire to
operate spin qubits at higher temperatures and the pulse-induced qubit frequency
shifts have drawn increased attention to the thermodynamics of spin qubits and
their environment [18, 19].

Background electric field fluctuation, commonly referred to as charge noise, is a
significant source of both decoherence and gate errors in spin qubit devices [20, 21].
The origins of charge noise can vary, with one potential source being an ensemble
of two-level fluctuators (TLFs). Roughly speaking, TLFs are charged two-state
quantum mechanical systems that randomly switch states due to interactions with
their surrounding environment. Originally, TLF defects were proposed to explain
the unusual low-temperature behavior of glasses [22-24] and were later used to
describe the lossy environments in superconducting circuits, where their existence
has been experimentally confirmed [25, 26]. More recently, TLF-based models have
been employed to explain charge noise in semiconductor quantum dots [27-29], and
single TLFs have even been individually manipulated in very recent studies [30].

A substantial part of this thesis, presented in Chapters 2, 4, and 5, focuses on
qubit decoherence induced by TLFs in the environment, while Chapter 3 explores
crosstalk mechanism and unusual response of the spin qubits to extreme external
drivings. Chapter 2 introduces the key concepts and tools that are frequently ref-
erenced in later chapters. Chapter 3 reports on experiments investigating crosstalk
and the nonlinear response of semiconductor spin qubits to microwave drives used
for single-qubit rotations. Chapter 4 examines qubit decoherence in a sparse bath of
TLFs producing 1/f noise, demonstrating that large variability of coherence prop-
erties is a hallmark of sparse TLF baths. Finally, Chapter 5 studies the temperature
dependence of the spin qubits’ Larmor frequency and coherence times, motivated
by recent experimental findings. The overall structure of this thesis is outlined in
the next section.

1.2. THESIS STRUCTURE

The structure of this thesis is as follows:

e Chapter 2 introduces the theoretical tools and concepts that are frequently
used in later chapters. We review the Gaussian random processes and describe
the qubit decoherence by such a noise in terms of the noise spectral density.
This description is only valid within the Gaussian limit of the environmental




REFERENCES

noise. We provide the formulas for the general case of qubit decoherence by
an ensemble of TLFs generating noise with non-Gaussian statistics.

Chapter 3, presents the experiments on the unusual response of the spin qubits
to microwave driving, as well as a novel crosstalk mechanism where the Rabi
frequency of an adjacent qubit changes as a target qubit is driven. This
chapter also presents a simple phenomenological model describing both effects
simultaneously.

Chapter 4 investigates the qubit decoherence caused by a sparse bath of TLFs,
producing 1/f noise, showing that in such a bath, Ramsey and echo decay are
subject to large variations among samples. The chapter also demonstrates
that in certain parameter regimes, qubit decoherence in sparse baths is pri-
marily dominated by a few TLFs. Removing these TLFs leads to remarkable
improvements in coherence times.

Chapter 5 presents a theoretical model that explains the qubit frequency shift
as well as the insensitivity of Ramsey and echo decay times to temperature.
The model attributes the frequency shift to charge noise originating from
TLFs. Numerical simulations of the model demonstrate that adjusting model
parameters can reproduce each effect individually, but not simultaneously.
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Theoretical toolbox

This chapter presents the theoretical tools necessary to navigate the thesis. These
tools include certain characteristics of random processes, as well as descriptions of
qubit decoherence induced by environmental fluctuations considered in this thesis.
This chapter is neither exhaustive nor pedagogical. It aims to introduce the language
spoken in the following chapters.



8 2. THEORETICAL TOOLBOX

2.1. THE QUBIT

The qubit is defined by the basis states |0) and |1) in a two-dimensional Hilbert
space. An arbitrary qubit state may be written as

1) = |0) + B[1), (2.1)
where a and § are complex numbers satisfying the normalization condition
a2 + |82 = 1. (2.2)

A global phase multiplying the qubit state does not change the expectation value of
any observable. By ignoring the global phase and taking the normalization condition
into account, the qubit state can be represented by two independent real numbers.
This motivates representing the qubit state on the Bloch sphere as

0 - 0
[4)) = cos §|O> + €' sin §|1>, (2.3)

where 6 € [0, 7] and ¢ € [0, 27| are the polar and azimuthal angles. The qubit
state on the Bloch sphere is illustrated in Fig. 2.1.

The qubit is by definition in a pure state if the state vector |¢) is precisely
known. In this thesis, we will work with statistical ensembles of qubit states. The
qubit density matrix defined as

p="> prltbr)(¥rl, (2.4)
o

enables us to represent the statistical ensemble of qubit states. The coefficient py
gives the probability of finding the qubit in the pure state |1)5). The sum of these
probabilities equals one.

It is useful to represent the qubit density matrix as

1
p= 5(1 + mg6y + my6y +m;6,), (2.5)

Figure 2.1: Bloch sphere representation of the qubit
state. The basis states |0) and |1) are located at the
north and south poles. The normalization condition
is satisfied by the unit length of the sphere radius.
An arbitrary qubit state is denoted by a point on the
sphere. The location of this point is given by the polar
and azimuthal angles 6 and ¢.
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where
. o1 o —i . 1o
"x_[l 0]’ Uy_L‘ 0]’ ”z_{o —1}’ (2:6)
are the Pauli matrices and the coefficients
My = Y pr(Wr]d[vr) (2.7)
k

with n € {z,y, z} are the Bloch vector components. If the density matrix p is known,
the Bloch vector components can be calculated via m,, = Tr{6,p}.

2.2. GAUSSIAN RANDOM PROCESSES

In this section, we provide a concise overview of Gaussian random processes. We
present the characteristic functional expression in terms of the Gaussian process’s
mean and autocorrelation function. This expression will serve as a key component
in the next section, where we calculate the qubit decoherence within the Gaussian
approximation of the environmental noise.

A continuous-time real-valued random process X (7) is a collection of random
variables indexed by time 7. Consider recording X (7) for times 7 € [0, ¢]. A single
record of observing X (1) gives the sample trace (7). The sample trace x(7) is also
a collection of samples, each taken from a single random variable. We assume each
of these samples can take values from the set of real numbers R.

To study the statistical properties of the random process X (1), it is useful to
introduce the collection of time points 71,...,7;,...,T,, ordered according to

0<m<n< ... <1<, <t (2.8)

The random process at a given time point 7;, that is X (7;), is a single random
variable denoted by X;. A sample of X, is denoted by x;, and its probability
density is denoted by Px,(z;). We arrange the collection of random variables X;’s
by their indices in an ascending order, and represent them by the list

X={X1, ..., X;, ..., Xu} (2.9)
The collection of samples x;’s are similarly arranged and represented by the list
x={z1, ... ,xj, ..., T} (2.10)

The joint probability density of X is denoted by Px(x).

Defining a random process is analogous to defining a random variable. Consider
the random variable X, with sample z € R, and the probability density Px (z). The
probability of X taking a value in the interval [z, x 4 dz] is given by

Pr(z < X <z +dz) = Px(x)dx. (2.11)

Now, consider the random process X (7) which can be observed at time points
Ti,...,Tn. Also, consider the fixed infinitesimal intervals

[x1, x1 +dx1], ..., [T, Tn +dzy], (2.12)
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at time points 71,...,7,. The random process X (7) is defined if the probability of
its trace passing through these infinitesimal intervals is known for any set of time

points 71, ...,7, with n =1,..., 00 [1]. This probability may be written as
Pr(z; < X1 <z +dzq, - 20 < Xy, <z +dz,) = Px(x)dx, (2.13)

where dx = H;-Lzl dxzj. The probability of X (r) taking values within the intervals
[k, xk +dzk], -+, [Tn, Tn + dxy,], given that X(7) has already taken certain
values of x1, -+ , xx_1, is given by

P(xh azk—1|$ka"' 71:?1)de]7 (214)

j=k

where P(x1, -+ ,2Zg_1|Tk, -+ ,2,) denotes the conditional probability density. The
random process X (1) is a Markov process if for any set of time points 74, -+ , 7,
one has

P(xy, - y&p_1|zn) = P(xp_1|z,). (2.15)

The statistical parameters of the random process X (7) that will be used in this
thesis are defined below:

o The average (mean) of a random process X (7) is defined as

w(t) ={(X(r)) = /x(T)PX(z)dx. (2.16)

Here, Px(x) is the probability density of a single random variable, i.e., the
random process X (7) at a specific time 7.

o The n’th moment of the random process X (7) can be expressed as
(X ()X (12) - X (1)) = /x(Tl)x(TQ) - x(T) Px (x)dx, (2.17)

where Px (x) is the joint probability density of the collection of random vari-
ables X (1), -+, X (7).

e The second moment of a random process, known as the autocorrelation func-
tion, is represented as

e(r1, 72) = (X ()X (12)). (2.18)
e The variance of the random process X (7) is defined as
o?(r) = ([X(1) = (X (1))]*). (2.19)

A random process is stationary if all of its moments remain unchanged by a shift
in time, i.e.,

(X(m)X(m2) - X (1)) = (X (11 + )X (12 + 8) - - X (7 + 5)), (2.20)
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for all n, s, and timepoints 71, -+ ,7,. If X(7) is stationary, its mean u(7) and
variance (1) are time-independent. We simply denote the mean and variance of
a stationary process by u and o2. The autocorrelation function of a stationary
random process satisfies

c(t1, 1) =c(m1 + s, T2+ 5). (2.21)

In other words, for a stationary process, only the difference between the two time
points 71 and 7, matters. We therefore denote the autocorrelation function of a

stationary process by
e(1) = (X(0)X (7). (2.22)

The spectral density of a stationary process is the Fourier transform of its autocor-
relation function [1], i.e.,

+oo
S(w) ! / c(r)e ™ ™Tdr. (2.23)

:% .

For a definition of spectral density that does not rely on the autocorrelation function,
see for instance Refs. [1, 2].
The characteristic functional of the random process X (7) is defined as

flk(T)] = <eXp[i/0 dra(T)k(T)]), (2.24)

where k(7) is an arbitrary (as long as the integral exists) test function [2]. By
expanding f[k(7)] in powers of k(7) the characteristic functional may be written as

flk(T)] = Z % /k‘(ﬁ) k(o ) (X (1) - X(7n))dmy - - - dy,. (2.25)

The cumulant generating functional of the random process is defined as

UIk(r)] = In{f[k(7)]}. (2.26)

Expanding the cumulant generating functional in powers of k(7) gives
Ulk(r)] = Z — /k(ﬁ) k(T (X (1) - X(Tn))edm - - - AT, (2.27)
S—om!

where (X (1) -+ X (7,))c is the n’th order cumulant of the random process.

The random process X (7) is called a Gaussian random process if for all X, the
joint probability density Px(x) is a multivariate Gaussian distribution [2]. If X (7)
is a Gaussian random process, its characteristic functional takes the form [1]

t 1 [t ot
flk(T)] = exp[iu/o drk(r) — 5/0 /0 dridra(X (1) X (12))k(m1)k(12)].  (2.28)

Therefore, a Gaussian random process is fully characterized by its mean and auto-
correlation function.
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2.3. DECOHERENCE WITHIN THE (GAUSSIAN LIMIT

In this section, we study qubit decoherence in an environment modeled by a Gaussian
random process. Decoherence, in this context, pertains to the decay of the off-
diagonal elements of the density matrix, m, £ im,, due to interaction between the
qubit and its environment. The qubit is subject to echo pulses that are both ideal
(perfect 7 rotations) and instantaneous (d-peaked in time). We show that encoding
the echo pulses into the arbitrary auxiliary test function k(7), here called the time-
domain filter function, allows for obtaining a computationally tractable decoherence
formula. This formula is expressed in terms of the noise spectral density S(w) and
the Fourier transformed filter function K (wt).
Consider the qubit Hamiltonian

H(r) = %w(f)&z + 1 (7) 8, (2.29)

where z(7) is a sample trace of X (7) observed for times 7 € [0, t]. Here, time ¢ gives
the duration of an experiment between initialization and read-out. The sequence of
echo pulses are contained in

h(r) = % S wd(r — ). (2.30)
j=1

The specific number of echo pulses n, and their timings ¢;, depend on the type
of experiment. We assume the qubit is initially polarized along the z-axis, with
m, = 1. We further assume the qubit density matrix to be reconstructable at
read-out.

The time-evolution operator for a sample trace z(7) may be written as (h = 1)

O(t; 0) = T{exp|—i /0 LB (), (2.31)

where 7T is the time-ordering operator. Given that each m-pulse implements the
gate 16, the time-evolution operator may be expanded as

U(t; 0) = i"U(t; tn)o2U(tn; tho1)6s .. 65U (ta; t1)6,U(t1; 0), (2.32)
where
. i b
Ulty; tg—1) = exp[—ifrz/ drx(7)]. (2.33)
te—1

Using the relation
5,695, = e 0= (2.34)

the time evolution operator may be written as

A~ A~ N A~

U(t; 0) = i"U(t; to)U (tn; taor) ... Ul(te; t)U(t1; 0). (2.35)
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We now introduce the time-domain filter function [3]

k(r) = S (1" 0(tsr — )0 — tr), (2.36)
k=0

where 6 is the Heaviside step function, ty = 0, and t,4; = t. The parameters
ty, -+, t, are the same as in Eq. (2.30). We can now write the time-evolution
operator for a sample trace of noise as

U(t; 0) zi"exp[—%ﬁz /O dr x(1) k(7). (2.37)

Since the qubit Bloch vector is confined to the zy-plane, it is convenient to work
with the qubit phase coherence denoted by

[ =(1]p|0) = my + im,,. (2.38)

The qubit phase averaged over samples of the random process X (7) can be expressed
as

Flk(0)] = (1T (t: 0) p(0) UT(t; 0))x]0)

t 2.39
— (exp[—i /0 dr 2(7) k()] x. (2.39)

The angular brackets (---)x in Eq. (2.39) denote averaging over traces of random
processes X (7); in the following, we drop the subscript X for simplicity. The average
phase in Eq. (2.39) has the same form as the characteristic functional of the random
processes X (7). For the average phase f[k(7)] the arbitrary auxiliary test function
k(7) is chosen to be the filter function characterizing the sequence of echo pulses.

Assuming X (7) to be a Gaussian random process, the average phase may be
written as

f[k‘(T)] = exp[i,u/o dr k(r) — %/0 /0 dry dro (X (11) X (72)) k(11) k(72)].  (2.40)

Equation above takes the same form of Eq. (2.28). Here, we designated the average
phase to the characteristic functional and the time-domain filter function to the
arbitrary auxiliary test function. The autocorrelation function can be written as
the inverse Fourier transform of the noise spectral density, i.e.,

+oo
(X (1) X (72)) = / oo €72 § (1), (2.41)

—o0
Plugging equation above into Eq. (2.40), and integrating over 71 and 75 gives

t —+oo
fi) = exp[iu/o drk(r) — %/ de(w)|K(wt)|2], (2.42)

— 00
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=1 ]
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k(7) ‘5

10 15 20 25 30 35 40 45 50
wt

Figure 2.2: (a) CP sequence with two echo pulses (blue). The qubit is initialized in the state |0),
and the first 7/2 pulse (red) rotates it, for example, to align along the z axis. After the final 7/2
pulse (red), the qubit state is measured in the computational basis, along the z axis. (b) Since
the pulses are considered instantaneous and ideal, each 7 pulse effectively flips the sign of the
noise, which is reflected in the time-domain filter function k(7). For a general CP sequence with
n echo pulses, the delay between the 7 pulses is t/n, while the initial and final delays after and
before the /2 pulses are t/2n. (c) The frequency-domain function G(wt) for different values of
n =06, 8, 10, 12. As n increases, the peak shifts to higher frequencies.

where .
K(wt) = / dr €T k(7). (2.43)
0
Let us introduce the function
G(wt) = w2|K(wt)\2. (2.44)

Also, let us for simplicity assume that the noise is zero mean, i.e., up = 0. The
average phase coherence then takes the form [3]

w2

. Lo[ree G(wt

f=expl-; [ dose) L)) (2.45)
Figure 2.2 illustrates the frequency-selective nature of the function G(wt) in the

case of Carr-Purcell (CP) sequence. A CP sequence with n = 2 pulses and the

corresponding time-domain filter function k() are shown in Figs. 2.2 (a) and (b),

respectively. For an even number of echo pulses n, the function G(wt) takes the

form

t t
G(wt) = 8sin? @ sm2 d /c 2 d (2.46)

Figure 2.2(c) shows G(wt) for multiple values of n. For a ﬁxed n, G(wt) is periodic
in wt. However, since G(wt) multiplies by a 1/w? in Eq. (2.45), the peaks shown in
Fig. 2.2 play a dominant role in selecting specific parts of the spectral density S(w),
and thus in contributing to qubit decoherence. The term G(wt)/w? acts as a filter
that passes noise within certain frequency bands. As the number of echo pulses
increases, while keeping the measurement time ¢ fixed, the peak of this bell-shaped
function shifts to higher frequencies.
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2.4. DECOHERENCE INDUCED BY AN ENSEMBLE OF TWO-
LEVEL FLUCTUATORS

A considerable share of this thesis is devoted to qubit decoherence induced by an
ensemble of tunneling Two-Level Systems (TLSs). A tunneling TLS in contact with
a bath of harmonic oscillators is an eminent example in the field of open quantum
systems [4]. This system, often called the spin-boson model, has different regimes of
behavior. We are in particular interested in the incoherent tunneling regime. In this
regime, the TLS phase coherence is immediately lost after tunneling. Dynamics of
the TLS thus reduces to a series of jumps between the excited and ground states. A
TLS in this regime is often called the Two-Level Fluctuator (TLF). This motivates
modeling the TLF by a two-state Markov process. In what follows, we present the
formulas for qubit decoherence by an ensemble of TLFs in the Ramsey, Hahn echo,
and Carr-Purcell experiments.

The two-state Markov process has only two states, denoted by +1 and —1,
representing the TLF excited and ground states. This process is characterized by
excitation and relaxation rates, vy and v,. Let P. and P, be the probabilities of the
TLF being in the excited and ground states, and define the vector P = [P, P,]7.
The TLF rate equations can be expressed as

P(r) =M P(1), (2.47)
where
I Rt (O
S o

For a sample trace x(7) of the two-state Markov process, the coherent dynamics of
the qubit is governed by (A = 1)

ip(r) = [H(r), p()], (2.49)

where

A(r) = %u k(r) 2(7) 6. (2.50)

Here, v denotes the qubit-TLF coupling strength, and k(7) is the time-domain filter
function specified in Eq. (2.36).

Since the qubit state is confined to the zy-plane, it is more convenient to work
with the qubit phase f = m, + i m, instead of the density matrix p(7). Using
Eq. (2.49), we can express the equation of motion of the qubit phase for the sample
trace z(7) as

f(T) =idv k() z(7) f(1). (2.51)

The solution to the differential equation above gives the qubit phase f(7) for one
realization of the random process X (1), i.e., the sample trace (7). In other words,
the solution f(7) is a single realization of the random process F'(7), which depends
on the two-state Markov process X (7). We are interested in the average over all
possible realizations of f(7), which is denoted by f(7). The average phase f(7)
can be obtained by utilizing the stochastic Liouville equations. Below, we briefly
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describe how to calculate the average phase using the stochastic Liouville equations.
A detailed description of this formalism can be found in Refs. [2, 5, 6].

As said, the random process X(7) is Markovian. Therefore, the joint process
{F(7), X(7)} is also Markovian [2]. We use the abbreviated notation P(f, x; 7),
instead of P(f, x; 7|fo, Zo; 7o), for the transition probability of the joint process
{F(7), X(7)}. We further define the transition probabilities

P.(f, x; 7) = P(f, +1; 7lfo, +1; 70) + P(f, +1; 7|fo, —1; 70), (2.52)
and
Py(f, z; )= P(f, =1; 7|fo, +1; 70) + P(f, —1; 7|fo, —1; 70). (2.53)

The transition probabilities P.(f, z; 7) and Py(f, x; 7) obey the equations [2]

SRS w5 D) =0k PS5 1) = uPAf w5 ) B s ), (254)

and
%Pg(f, x; T) = —iv k(1) Py(f, 3 7) +yPe(f, x5 7) = nPy(f, x5 7). (2.55)
We define the marginal averages
Rr) = [ df £0) RS, w5 ), (2:56)
and
fr) = [dr 1) RS, ). (257)

Multiplying both sides of Eqs. (2.54) and (2.55) by f, and using the definition of
marginal averages given in Egs. (2.56) and (2.57), we arrive at the coupled equations

Fo=ivk(r) fo— fotm Jy (2.58)

and . ) ) )
fg:_ivk(7'> fo+v fe =1 fo- (2.59)

The solution to the equations above gives the average phase f(7) = fg(T) + fe(7).

The average phase for the cases that will be considered in this thesis are given
below. These formulas have been previously reported, e.g., in Refs. [7—11]. For
simplicity, we drop the bar over the average phase f. For a symmetric TLF Y=V

o Ramsey decay by an asymmetric TLF":
r.
fr(t) = exp(—TI't) |cosh(At) + 1 sinh(At)| , (2.60)

1

with T' = y—ivdy/2y, A = (v —ivdy—v2)2, v = (7, +71)/2 and &y = vy, — 4.
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e Ramsey decay by a symmetric TLF:
fr(t) = e (coshat + L sinhat), (2.61)
a

where a = /~2 — v2.

e Echo decay by an asymmetric TLF:
fu(t) =e *[cosh(At/2) cosh(A*t/2)

2, A2

v Afg sinh(At/2) sinh(A*t/2)
r (2.62)

+ i sinh(At/2) cosh(A*t/2)

+ % sinh(A*t/2) cosh(At/2)].

e Echo decay by a symmetric TLF:
Y 7 v?
fu(t)=¢" (? cosh at + Esmhat— ?) (2.63)

e Qubit dephasing by a symmetric TLF in the Carr-Purcell experiment:

e 1t 2 cosh(at/m) — v?
fep(t) = 5 i (ot/m) (W —p™) +pl +pm, (2.64)
oz\/'y2 cosh?(at/m) — v2
with
e = % [sinh(at/m) + coshz(at/m) —0v2 /2], (2.65)

and m denoting the number of echo pulses.

We now consider the Hamiltonian (5 = 1)

H(r) = Z ry(T)6; + h(T)6s, (2.66)
K

N[ =

for a qubit coupled to an ensemble of N independent TLFs. The function h(r) is
given in Eq. (2.30). It can be inferred from Eq. (2.39) that the decoherence induced
by a TLF ensemble is the product

N
F(r) =[] fr(n) (2.67)
k=1

Here, we omitted the subscripts denoting the type of experiment (Ramsey, Hahn
echo, Carr-Purcell) for simplicity.
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Nonlinear response and crosstalk of
electrically driven silicon spin
qubits

Micromagnet-based electric dipole spin resonance offers an attractive path for the
near-term scaling of dense arrays of silicon spin qubits in gate-defined quantum
dots while maintaining long coherence times and high control fidelities. However,
accurately controlling dense arrays of qubits using a multiplexed drive will require
an understanding of the crosstalk mechanisms that may reduce operational fidelity.
We identify a novel crosstalk mechanism whereby the Rabi frequency of a driven
qubit is drastically changed when the drive of an adjacent qubit is turned on. These
observations raise important considerations for scaling single-qubit control.

Author contributions: Participated in analyzing the results, developing the phenomenological
model that relates the electrical drivings to the qubits’ dynamics, and performing numerical sim-
ulations. All results of this chapter have been published in Ref. [1].
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3. NONLINEAR RESPONSE AND CROSSTALK OF ELECTRICALLY DRIVEN SILICON
20 SPIN QUBITS

3.1. INTRODUCTION

Electric dipole spin resonance (EDSR) is a key ingredient for the all-electrical control
of single-electron spin qubits in silicon quantum dots [2]. While some approaches
are able to utilize the weak intrinsic spin-orbit coupling (SOC) of silicon [3, 4], the
placement of an on-chip micromagnet has proven especially effective for gate-based
quantum dots in both Si/SiGe [5, 6] and Si-MOS [7] platforms, with single-qubit
gate fidelities exceeding 99.9% having been demonstrated [8]. Furthermore, electron
spins in dense arrays can be made addressable by engineering an appropriate local
magnetic field gradient within a stronger external field [9]. This makes micromagnet-
based EDSR attractive for the near-term scaling of spin qubit processors.

In the original description of micromagnet-based EDSR, an ac electric field
pushes a harmonically confined electron back and forth in a constant magnetic
field gradient, such that the spin is effectively acted upon by an ac magnetic field
as in conventional electron spin resonance (ESR) [10, 11]. An array of spectrally-
separated spins can ideally be controlled via a single, multiplexed driving field con-
taining a linear combination of frequencies addressing individual qubits. Rabi’s
formula implies that the qubit dynamics are only slightly affected by off-resonance
tones such that crosstalk can be accounted for systematically to maintain high fi-
delity [12].

Substantial effort has been placed on detecting and modelling crosstalk in super-
conducting and trapped-ion systems [13], but the identification of crosstalk mecha-
nisms in semiconductor quantum dot devices is only beginning to receive attention
as these platforms mature into the multi-qubit era [14-16]. Given that high qubit
density is one of the known advantages of semiconductor quantum processors, main-
taining high-fidelity operation with small qubit pitch in the presence of crosstalk is
an essential hurdle to overcome.

In this article, we measure the nonlinear Rabi frequency scaling of two single-
electron spin qubits controlled via EDSR in a 28Si/SiGe double-dot device. The
nonlinearity gives rise to a sizeable crosstalk effect when attempting to drive simul-
taneous single-qubit rotations, and we develop a simple phenomenological extension
of silicon-based EDSR theory to relate our observations. Although the physical ori-
gin of the nonlinearity is not precisely known, we find that anharmonicity in the
quantum dot confining potential cannot quantitatively explain our measurements.
We therefore comment on other device physics, such as microwave-induced arte-
facts, that may contribute to the crosstalk mechanism. The insights made here will
help inform continued development of EDSR-enabled spin qubit devices, as well as
raise important considerations for programming spin-based quantum processors in
silicon.

3.2. METHODS

To probe the behavior of two spin qubits controlled via a frequency multiplexed
drive, two quantum dots with single-electron occupancy are electrostatically accu-
mulated in an isotopically purified 28Si/SiGe quantum well [Fig. 3.1(a)]. A cobalt
micromagnet placed on top of the dot region becomes magnetized in the external
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field applied along the z’-axis, creating local transverse (z’-axis) and longitudinal
(7/-axis) magnetic field gradients. The transverse gradient gives rise to a synthetic
SOC, and the longitudinal gradient spectrally separates the Larmor frequencies of
the two spins. The IQ-modulated electric drive necessary to control the spin states
by EDSR is delivered via the gate “MW” or the gate “B”. Further details of the
fabrication, initialization, control, and readout of the qubits can be found in [17]
(we here used room temperature electronics only).

(@) (b)

Strained %Si

[VOo)

Electron
Reservoir
100 nm
N

Figure 3.1: (a) False-coloured image of a device nominally equivalent to the one used in the
experiment. Single-electron spin qubits Q1 and Q2 are confined under plunger gates “LP” and
“RP” respectively, while a barrier gate “B” is used to control the tunnel coupling between the
dots. Qubit states are read-out using energy-selective tunneling to the electron reservoir, with a
single-electron transistor (SET) used to measure the corresponding change in charge-occupation.
Microwave controls for both qubits are simultaneously applied to either the “MW?” or “B” gate.
(b) Ilustration of wave function envelopes in a silicon quantum well. EDSR can be mediated
by both the first excited orbit-like state |[VO2) as well as the first excited valley-like state |[VO1)
as a consequence of interface-induced hybridization. Interface disorder here is represented as a
rectangular “atomic step” for simplicity, but hybridization may also be a consequence of more
detailed alloy disorder. In any case, a finite dipole transition element along with the micromagnet
spin-orbit coupling enables electrically driven spin rotations.

In a gate-defined quantum dot in silicon, an electric field is able to couple spin-
like qubit states via EDSR due to the spin-orbit coupling perturbing the pure spin
eigenstates such that they become slightly hybridized with the electron charge states.
For single-electron spin qubits in Si/SiGe, the charge states are themselves hy-
bridized valley-orbit states owing to the nearly-degenerate conduction band valleys
of strained silicon quantum wells [18]. EDSR may therefore be mediated by orbit-like
or valley-like hybridized states which support a nonzero dipole transition element
with the electron ground state, as illustrated in Fig. 3.1(b) [10, 19]. In either case,
a robust linear relationship between the amplitude of the driving field and the Rabi
frequency of the spin qubit is expected (see Appendices 3.B and 3.C).

To drive on-resonance Rabi oscillations, we first use a Ramsey pulse sequence to
accurately identify the relevant resonance frequencies of the two qubits, which range
from 11.89 GHz in a 320 mT external field to 15.91 GHz in 475 mT. This calibration
strategy was also employed to achieve >99% fidelity universal control in this device
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[20]. The corresponding drives are applied either to the “MW” or “B” gate, and the
same driving frequency is used for all drive durations and amplitudes. A rectangular
pulse with duration up to 3 us is used, and the measured time-domain spin response
is fit to a sinusoidal function A cos(27 frabit + ¢) + C to extract the Rabi frequency.
While it is well documented that qubit frequencies may shift nontrivially as a result
of on- or off-resonant microwave driving [21], the relatively short pulses used here do
not induce a shift large enough to compromise the fidelity of the Rabi oscillations.

3.3. RESULTS

3.3.1. NONLINEAR RABI SCALING

We observe unexpected nonlinear Rabi frequency scaling when each spin is driven in-
dividually as shown in Fig. 3.2. We observe that the linear Rabi frequency-drive am-
plitude scaling predicted from theory only holds for Rabi frequencies up to 1-2 MHz.
This is at odds with previous experimental demonstrations of micromagnet-based
EDSR in silicon and GaAs, where Rabi frequencies of several tens of MHz have
been measured to smoothly saturate [8, 22-24]. These results have been loosely
interpreted as resulting from anharmonicity in the confinement potential, and we
also find this a plausible explanation through numeric simulations in Appendix 3.C.
However, confinement anharmonicity alone does not fully account for the nonlinear-
ity and lower driving limit observed in the devices considered here. We emphasize
that the crosstalk effect discussed in Sec. 3.3.2 will occur regardless of the cause
of the nonlinearity, and the limited Rabi frequencies achieved in this device make
crosstalk more prominent than could otherwise be expected.
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Figure 3.2: Rabi frequency scalings as a function of the applied resonant ac electric field amplitude.
The external field is set to Bext = 475 mT in (a),(b) and (f), Bext = 370 mT in (c) and (d), and
Bext = 320 mT in (e). In (a), (¢), (e), and (f) the qubits are driven using the “MW” gate
as illustrated. In (b) and (d) the qubits are instead driven using the “B” gate. In (a-e) only a
single qubit is driven at once in the (1,1) electron occupation regime, while the undriven qubit
is left to idle. In (f) the Q1 Rabi scaling is compared in different charge states of the device. In
(a-b) the visibility of the readout is indicated by the shaded regions. Q1 systematically has a
higher visibility than Q2 as the latter is read out via a CROT interaction which has finite fidelity.
Lowered visibility for longer drives is expected due to electron reservoir heating. The horizontal
axis is scaled such that 1 arbitrary unit (arb. unit) represents the same nominal drive amplitude
delivered to the device by taking into account the room-temperature vector source power and all
nominal attenuation in the signal paths.

The exact electric field driving amplitude is not known precisely, so a linear
scale is used such that 1 unit of amplitude is approximately equivalent to a 2 MHz
Rabi frequency for Q1 in the configuration of Fig. 3.2(a). We estimate that this
amplitude corresponds to a microwave power of about —35 dBm delivered to the
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bonding wire to the sample '. This nominal amplitude is used as a reference for other
experiments, when the attenuation in each line can be used to estimate the power
delivered to the device ?. Magnetostatic simulations of the on-chip micromagnet
design estimate a stray field of 0.3 — 0.7 mT /nm, depending on the effective driving
axis, which is somewhat less than the 1 mT /nm estimated in other similar devices [8].
This smaller driving gradient necessitates a proportionally larger driving amplitude
to achieve the same frequency, which may play a role in the observation of nonlinear
effects at smaller Rabi frequencies.

For each quantum dot, external magnetic field, and driving gate, the associated
curve contains unique, but robustly reproducible, nonlinear characteristics qualita-
tively similar to [7]. These often appear as “plateaus” where the Rabi frequency
apparently saturates, or only changes modestly, when the amplitude of the electric
drive is adjusted. Increasing the driving amplitude does not always yield larger Rabi
frequencies, nor is the visibility or quality of Rabi oscillations immediately degraded
in these regions. Longer driving does lead to some reduced visibility in part due
to self-heating of the electron reservoirs used for energy-selective readout. In some
experimental configurations, driving even more strongly in the nonlinear regime will
lead to a sudden loss in qubit visibility. Decreased visibility and a diminished 73!
have been previously reported for fast EDSR in silicon [8, 23], and may also be a
result of population leakage to spin-orbit states outside of the qubit subspace.

In addition to the general Rabi saturation effect observed, each measured Rabi
scaling exhibits distinct kinks. Note that the difference in scaling trends between
adjacent spins has previously been observed [26] and may be attributed to differences
in the local magnetic field gradient at each dot location. However, this does not
explain the nonlinearity in the qubit response as the micromagnet gradient is nearly
constant over the 100 nm pitch of the dots. From the distinct shapes of the Q1
and Q2 curves, it is apparent that the origin of the nonlinearity is particular to
each qubit frequency and not a global phenomena as could be expected from a
uniform distortion in the driving field. We also note that a drive-induced shift
in the qubit’s resonance frequency, which has previously been observed in EDSR
experiments [9, 21, 27], is not a plausible cause of the nonlinear scaling since an
off-resonant drive will result in faster oscillations, not slower [28].

Next, we consider the possibility that the nonlinearity is due to the influence of
the second qubit. However, upon removing the Q2 electron, there is no change in
the Q1 Rabi scaling as shown in Fig. 3.2(f). Furthermore, the residual exchange
interaction between the two qubits is measured to be below 50 kHz, indicating
a very weak spin-spin interaction taking place. Repeating the experiment in the

1This is inferred based on a vector source generator output power of —14 dBm, a nominal attenu-
ation of 6 dB at 4 K, and an estimated cable/connector attenuation of 15 dB.

2Unknown impedance mismatches at, for example, bonding wires connections, make the on-chip
ac electric field vary with frequency. Therefore the comparison between Rabi scaling trends
at different magnetic fields is qualitative. Previous photon-assisted tunneling measurements on
similar devices estimate the electric field amplitude to be on the order of 1000 V/m, or equivalently
a voltage amplitude of 0.1 mV on the gate [25]. This estimate, along with a transverse magnetic
gradient of about 0.3 — 0.7 mT/nm from simulations and a harmonic potential energy scale of
1 meV, agrees with the frequency of Rabi oscillations we observe.
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Figure 3.3: Crosstalk in single-qubit operation. The Rabi frequencies of both qubits are measured
when a constant driving tone on-resonance with one qubit is present (shown in the bottom left of
each panel) while a second tone resonant with the other qubit is swept in amplitude. In panels
(a) and (b) the constant driving amplitude is half (0.7 arb. units) that in panels (c¢) and (d) (1.4
arb. units). Note that doubling the constant tone amplitude does not double the Rabi frequency,
because the EDSR response is already nonlinear as shown in Fig. 3.2(a). In panels (b) and (d), the
experiment repeated in the (1,0) regime gives nearly identical results as in the (1,1) regime. All
experiments are carried out at Bext = 475 mT, and the “MW?” gate is used in all cases as indicated
in the top right illustration.

(3,0) regime produces the same initial linear trend, suggesting that in both the 1-
electron and 3-electron modes the same dipole transition element, whether orbit-like
or valley-like, is responsible for mediating EDSR. The nonlinear scaling regime is
similarly shaped, but measurably different, suggesting that the root cause of the
nonlinearity may be somewhat influenced by the quantum dot structure.

3.3.2. CROSSTALK

When both qubit driving tones are simultaneously applied to the “MW?” gate, a large
crosstalk effect occurs (Fig. 3.3). When a resonantly driven spin is also placed under
the influence of an additional off-resonant drive, the additional ac field amplitude
modifies the qubit response as to diminish the resonant spin-flip Rabi frequency.
This effect has substantial consequences for high-fidelity logic gates which must be
calibrated to a nanosecond-precision duration, because even a small unaccounted
change in Rabi frequency would result in severe over- or under-rotations of qubit
states. High-fidelity control can be maintained in a small device by operating gates
serially [20, 29, 30], but this is an undesirable constraint for efficiently implementing
quantum algorithms.
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By comparing Fig. 3.3(a-b) with (c-d), it is clear that the Rabi frequency is
more strongly modified when the resonant tone amplitude is smaller with respect
to the off-resonant pulse amplitude. This implies that crosstalk would become more
severe as single-qubit operations are more densely multiplexed. Directly adjusting
microwave pulses for the unique response of each qubit may greatly increase the
calibration overhead for larger qubit arrays, depending on the locality of the nonlin-
ear response. We emphasize again that the crosstalk effect is not a consequence of
the existence of a nearby qubit, but rather is caused by the act of driving a second
nearby qubit. This is illustrated in Fig. 3.3(b) and (d), where the Q1 behavior is
nearly identical in the case that the Q2 electron is removed from the double-dot
region.

3.4. DISCUSSION

We now introduce a model Hamiltonian to survey in more depth the possible origin
of the observed nonlinearity and crosstalk. Consider the following micromagnet-
enabled EDSR Hamiltonian:
EZ A~ /] Ao o / A~

H(t) = Hy — — 0= + b im0+ EL(t)2. (3.1)
Hy describes the orbital and valley degrees of freedom of the charge state. Ey =
g Btot is the Zeeman splitting of the spin state, where g = 2 is the g-factor in sili-
con, pup is the Bohr magneton, and By is the total magnetic field along the 6, spin
quantization axis. Z is the 1D position operator along the driving axis, which is de-
termined by the orientation of the electric driving field E,.(t) = €Y. Fac,k sin(wyt)
at the quantum dot location. by, = %g,uB|bSL| gives the strength of the SOC as
a function of the magnitude of the magnetic field gradient |ESL| along this axis.

it = (0, cos 6, sin 0)T characterizes the nature of the SOC, where 6 gives the angle
of the gradient with respect to the &, spin quantization axis.

EDSR is simplest to investigate in the case of harmonic confinement of the
electron with effective mass m*, such that Hy = hwo(a'a + %) with a', @ being the
quantum raising and lowering operators, hwy giving the energy difference between
orbital eigenstates, and i = h/27 as the reduced Planck’s constant. The resulting
Hamiltonian H(t) can be analyzed perturbatively (see Appendix3.B) to find an
on-resonance Rabi frequency of:

_ aguB |ESL| [¢0)S] GeEac
2hm*w?

fRabi

(3.2)

and a drive-dependent resonance frequency shift of iw < —E2, [28]. According
to Equation 3.2, dot-to-dot variations in EDSR sensitivity are expected as different
qubit locations will experience different confinement strengths, magnetic field gradi-
ents, and electric driving angles. However, proportionality to the oscillating electric
field amplitude is always expected from Eq. 3.2.

Different linear scaling for small drives has been reported in both GaAs [22, 24,
26] and Si [5, 7, 8, 23]. The linear regime may extend from Rabi frequencies of
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only a few MHz to tens of MHz depending on the quantum dot environment, but a
nonlinear regime can be identified when frap; # BE,. where B is a scaling constant.
Although smooth deviation from the linear trend can be seen in direct simulation
of Equation 3.1 owing to higher-order terms, the origin of the numerous nonlinear
features we observe is unclear. Furthermore, previous works in similar Si/SiGe
devices have found Larmor frequency shifts of both signs that are not quadratic in
driving amplitude [21, 27], contrary to the theoretical expectation. This leads us to
conclude that the model of Eq. 3.1 does not adequately capture all relevant features
of the qubit physics.

Anharmonic models of the confinement potential Hy have been used to explain
nonlinear phenomena such as second-harmonic driving [31, 32] and even nonlinear
Rabi scaling [33, 34]. However, with both valley splittings of the evaluated device
measured to be in excess of 150 peV, it is unclear why such an anharmonic confine-
ment potential applies to this device. Furthermore, our numerical simulations of
Eqg. 3.1 with anharmonic orbital- and valley-like models fail to capture the breadth
of nonlinear features we observe in experiment (see Appendix 3.C).

It is noteworthy that the EDSR Hamiltonian of Eq. 3.1 with harmonic orbital
confinement will exhibit nonlinearity for driving amplitudes which are no longer of
a perturbative magnitude with respect to the orbital spacing (see Fig. 3.7). The
crosstalk effect will also occur in this regime when multiple driving tones are applied,
albeit at larger Rabi frequencies than what we observe in this experiment. Therefore,
neither an anharmonic confinement potential nor the phenomenological additions we
make to the Hamiltonian in the forthcoming discussion are necessary preconditions
for either Rabi frequency nonlinearity or crosstalk. Such modifications to Eq. 3.1
do seem necessary, however, to explain their occurrence at modest Rabi frequencies.

Based on the variety of nonlinearities observed from single-qubit measurements
in Fig. 3.2, it is clear that at least the microwave power (Pj) and frequency (wg)
components are important contributing factors. We therefore focus on the time-
dependent driving term of the EDSR Hamiltonian as the simplest source of the
nonlinearity and identify two possible physical origins: electric drive distortion and
microwave-induced artefacts.

If the signal amplitude at room temperature is not linearly related to the am-
plitude delivered to the device, then the origin of the nonlinearity may be trivially
related to classical electronics or transmission lines. It is not possible for us to mea-
sure the electric field at the dot location without considering the electron spin as
a sensor itself. Still, we have verified that the output of the IQ-modulated signal
is linear with respect to the input. Beyond this element, there are known interfer-
ence effects in the transmission lines but no active electronic components that are
suspected to show nonlinear effects. Furthermore, the signal paths to the “B” and
“MW?” gates are separate from room temperature, and nonlinearity is present when
either gate is used for driving. Conversely, applying a drive through the same gate
gives a different nonlinear response depending on which qubit it addresses. This
points to a microscopic origin of the nonlinearity, although the driving frequencies
and orientations for the two qubits differ as well, making it difficult to completely
rule out any origin of nonlinearity from a classical distortion of the driving signal.
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Figure 3.4: (a) Plot showing one possible instance of the phenomenological prefactor describing
the nonlinearity in the EDSR mechanism. To illustrate the emergence of crosstalk, we set the
Q2 electric drive to a constant amplitude, and manipulate the amplitude of the Q1 drive. The
effective driving term in the Hamiltonian will be unique depending on the sum of both microwave
drives. (b) The effect of two microwave drives on the two-spin system is numerically simulated
with the nonlinear prefactor in (a). The solid green line gives the modified analytic Rabi frequency
in the case that only Q1 is driven, while the discrete points are derived by fitting the numerically
solved spin dynamics to a sinusoid. (c-d) The spin dynamics of Q1 and Q2 corresponding to
the fits in (b). Light and dark regions indicate the probability of measuring a ground or excited
state spin respectively. For simulation, we take Ez q1 = 12.066 GHz, Ez g2 = 11.966 GHz,

|I;SL| = 0.3 mT/nm, ap = y/h/m*wo = 20 nm, and E,¢ g2 = 600 V/m.

In Appendix 3.A, we describe how nonlinearity and crosstalk were observed in a dif-
ferent experimental setup using a nominally identical device design. This reinforces
the likelihood that the nonlinearity originates at the device and highlights that the
nonlinear behaviour is not a peculiarity of a single experimental setup.

Second, we consider the possibility that a microwave drive could influence a
quantum dot’s confinement potential, and therefore its orbital structure, through
heat-induced device strain or the activation of charge traps, for example. Although
a true harmonic confinement potential is robust against small perturbations, the
anharmonicity introduced by asymmetric confinement or valley-orbit hybridization
may be sensitive to such changes [35-37]. We therefore acknowledge the possibility
that a nonlinear drive-dependent dipole element 7 (FEo) = (VOo(Ftot)|Z|V O1(Fiot))
may manifest in a way that is consistent with our observations. The plausibility of
these hypotheses would need to be verified through more rigorous modelling.

Although the origin of the nonlinearity remains uncertain, we can nevertheless
gain insight in the crosstalk effect by extending the model of Eq. 3.1 phenomeno-
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logically by including a prefactor f(Py,wy) in the electric driving term such that
E! (1) — f(Pyg,wi)E. . (t)2. Following from the Rabi scalings measured in Fig. 3.2,
we consider the prefactor to be dependent on the power Py o |Eqy x|* and frequency
wy of all applied drives. To illustrate the consequences of the phenomenological
model, consider the prefactor plotted in Fig. 3.4(a). The prefactor reflects changes
in the quantum dot structure, such as a contracted electric dipole, or effective driv-
ing field that may manifest as a function of microwave irradiation. Intuitively, the
prefactor introduces a “clipping” effect akin to an overdriven amplifier, where an
increase in input amplitude no longer leads to a proportional increase in the output
EDSR response, i.e. in the Rabi frequency.

To see the importance of this dependence, we numerically integrated the time-
dependent Schrédinger equation i = H (t)y using Eq. 3.1 and the prefactor de-
picted in Fig. 3.4(a). A constant driving tone resonant with Q2 drives Rabi os-
cillations. As a Q1 driving tone is turned on, two notable crosstalk effects occur
[Fig. 3.4(b-d)]. First, the Q1 Rabi frequency is substantially smaller than in the case
where no Q2 drive is present. Second, the Q2 Rabi frequency decreases markedly as
the Q1 Rabi frequency increases. The fitted Rabi frequencies in Fig. 3.4(b) behave
analogously to the measured crosstalk effect presented in Fig. 3.3, and the same
effect is obtained in the absence of a second electron.

For the near-term scaling of silicon spin qubit devices using micromagnet-based
EDSR, the practical issues introduced here can be limited by ensuring the electric
drive is oriented parallel to a sufficiently large transverse magnetic gradient. This
ensures that a reasonably large frapi is achieved at a sufficiently small magnitude
of F,. that is within the perturbative limit. Our observations suggest multiplexing
qubit control using a linear combination of driving signals is possible within this
regime. Emphasis on these design principles may be why nonlinear Rabi scaling
was not found to be a control-limiting artefact at few-MHz Rabi frequencies in a
more advanced multilayer gate device with possibly tighter confinement potentials
[9]. We anticipate that nonlinear effects, including crosstalk, would still appear for
faster EDSR driving. Although we cannot provide a conclusive origin for this effect,
we believe a more careful consideration of microwave propagation at the device will
be fruitful.

3.5. CONCLUSION

In summary, we have presented experimental evidence of a strong nonlinearity in
the fundamental resonance of a single-electron spin qubit controlled by EDSR with
a synthetic spin-orbit coupling. To understand both the nonlinear Rabi frequency
scaling and crosstalk effects that are observed, we have developed a simple phe-
nomenological model whose accuracy and consequences may be probed through fur-
ther experiments. The novel crosstalk mechanism introduced here poses important
questions for the scalability of spin qubit devices relying on multiplexed single-qubit
control.
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Figure 3.5: Rabi oscillations in Device B. Panels (a) and (c) plot the qubit dynamics as a function
of microwave driving amplitude. Panels (b) and (d) show the fitted Rabi frequencies respectively.

3.A. EVIDENCE OF NONLINEAR RABI SCALING IN A SEC-
OND DEVICE

To provide further evidence that the nonlinear Rabi frequency scaling and crosstalk
as discussed in the main text can be seen more generally, we include data collected
from a second device - Device B - which is nominally identical with respect to the
design in Fig. 3.1(a) - Device A - and is fabricated on the same purified 28Si/SiGe
heterostructure. As such, we expect Device B to host quantum dots with a similar
orbital confinement and micromagnet gradient as Device A. The Larmor frequencies
of Q1 and Q2 of Device B were 15.582 GHz and 15.798 GHz respectively. Device
B was cooled in an independent dilution refrigerator and controlled using different
electronics than Device A. Rabi oscillations and fitted Rabi frequencies are included
in Fig. 3.5. The amplitude scale is independent of that used in the main text.

While both qubits reach the nonlinear regime at modest Rabi frequencies similar
to Device A, Q1 of Device B illustrates a striking example of a very flat plateau.
As with Device A, there is no immediate evidence of visibility loss or lower Rabi
oscillation quality in the plateau region. However, the logical gate fidelities and
Tfab" were not quantified. Crosstalk, of the kind described in the main text, was
also observed in Device B, but not studied systematically like in the case of Device
A. The observation of nonlinearity in a second device from an independent setup
suggests that the origin of the phenomena can be attributed to the devices, and is
less likely the result of a faulty component, for example.
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3.B. EDSR IN A HARMONIC CONFINEMENT POTENTIAL
Here we summarize micromagnet-based EDSR with a harmonic confinement poten-
tial. We consider the following EDSR Hamiltonian:

1 - E 7
H(t) = hwo(ata + 5) + Eyesin(wt)(a’ +a) — 7Zaz +bsp(al +a)i-a,  (3.3)

h

where the position operator & = m(fﬁ +a) in terms of the quantum harmonic

ladder operators, m* = 0.19m,. is the in-plane effective mass of the electron in the
silicon quantum well, and the spin-dependent terms are as defined in the main text.
For the subsequent analysis, the length scale is absorbed in the relevant energy scales

such that bgy = %guB|I;SL|\/h/2m*w0 and F,. = eFEqc/h/2m*wy. By considering
a typical orbital spacing of iwg ~ 1 meV corresponding to a Fock-Darwin radius of

ag = ~ 20 nm, an ac electric field amplitude of order less than 10* V/m,

an exterrrrllaromagnetic field of 475 mT, and a transverse magnetic field gradient of
0.5 mT /nm, the relevant terms correspond to the energy scales:

hw =~ FEz,

BS L ~1 puev,

FEae ~ 100 nev,

Ez ~ 50 peV.

Therefore:

R — R N — <1, (3.4)

and it is appropriate to treat all terms of order e perturbatively with respect to
the orbital energy scale. Following the approach of time-dependent Schrieffer-Wolff
perturbation theory employed in [28], we derive the effective spin Hamiltonian (ig-
noring elements proportional to the identity) up to fifth-order as H = Zi:l H™
where:

.E[(I) = _5‘2 O,
~(2) 2051, E,e cost sin(wt) 2051 E,esinf sin(wt)
HY =— o oy — o o
0 0
76 _ Ezb%-LCOSGSiHQJ Ezb%; 005290
hlw? Y h2w? i
@ bsr Eac cos 0(EZ 4 h2w?) sin(wt) bsr By sin Ow? sin(wt)
=— oy — o
hdwd v hwd
a6 _ Ezb%; cosOsinO(ES + 2E2, — b3, — 2E2, cos(2wt))
N hAwd o

Ezb%; cos? 0(E% — b2, + 4E2, sin?(wt))
+ hAwd
0

O,.
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Expanding the Floquet Hamiltonian and carrying out another second-order Schrieffer-

Wolff transformation [28] yields an on-resonance Rabi frequency of:

2057 Eye cos E}
o 1 ’
F ks o ( 22 (3.5)
27 2
_ g/.LBa0|bSL|COS 9€Eac 1 EUZ2 (36)
2hwq h2w0

accurate to Eze*. The drive-dependent frequency shift, analogous to the Bloch-
Siegert shift in electron spin resonance, is given as:

4E4b%; 2, cos? 0
hwpgs = ————22—9F (3.7)
hiwg
_ _g2u23aéEZ\gSL|2 cos? 0e’E2, (3.8)
4htwg ' )

The sign of the shift is opposite what is expected from standard ESR. The reason for
this is discussed in [28]. The resonance frequency shifts due to a nonlinear Zeeman
term and g-factor renormalization are calculated to be, respectively:

2F3b%, cos? 0

hwnlz - h4wé‘ (39)
2E7b%; cos? 0 b2,

hw, = — 1— . 3.10

g h2w? h2w? (3.10)

Therefore, a harmonic confinement potential should yield the relations frap;i < Eqc
and hwpgs x —FE2, for micromagnet-based EDSR. The perturbative regime used
to derive these relations should be valid, for realistic parameters, at least to the
order of frapi = 10 MHz. It should be noted that nonlinear phenomena, such as
second-harmonic driving, are permissible even with perfect harmonic confinement,
as evidenced from the presence of longitudinal driving in H® and H®). However,
it is believed that nonlinearity originating from anharmonic confinement will be
dominant in silicon quantum dots [31].

3.C. EDSR WITH ANHARMONIC CONFINEMENT

Here we show how EDSR in the presence of anharmonic confinement, either as
a result of a nontrivial potential landscape or the presence of valley-orbit states,
permits nonlinear phenomena. However, the nonlinear Rabi scaling found here does
not seem to adequately account for the experimental results.

We consider a general two-level orbital subspace acted on by the set of Pauli
operators {7;}, which may describe two hybridized valley-orbit states in silicon, or
the lowest two states of an anharmonic confinement potential. Since the micromag-
net spin-orbit coupling energy scale is the smallest, we consider the dynamics of the
driven orbital sector first. The driven orbital Hamiltonian is:

Ay

Hy(t) = —5 Tt E!_sin(wt)Z, (3.11)
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where Ay denotes the energy splitting between the ground and excited states and
E! .= eFE,. is the scaled electric field as in the main text. The eigenstates of Hy(t)
when no drive is present, which we denote as [VOg) and [VO;), may in general
contain both transverse and longitudinal elements, such that:

T =r1y — Py (3.12)

where r = (VOy|x[VO;) > 0 and 2p = (VO1]%|VO1) — (VOy|X|VOq) are real pa-
rameters. The parameter p quantifies the extent to which the orbital states have a
different centre of mass, as would be the case in an asymmetric confinement poten-
tial (see the sketch in Fig. 3.7). We transform the Hamiltonian by an angle 7/2 — 6

. R
about the 7, axis, where sin§ = T
H{(t) = exp(i(m/2 — 0)1,)Ho(t) exp(—i(m/2 — 0)7y) (3.13)
1! 3
B 7%@ B (e + Eac281n(wt)) ;. (3.14)

where A = Agcosf, e = Agsind, and E!/, = 2E), /72 + p?. Eq. 3.14 is the standard
Landau-Zener-Stiickelberg Hamiltonian [38]. By moving into the rotating frame us-
ing the unitary transformation exp(—iE, cos(wt)7,/2w) and applying the Jacobi-
Anger expansion, one can distinguish between single-photon transition matrix ele-
ments AJ; (EY, /hw) and two-photon transition matrix elements AJy(EY, /hw) where
Jn(z) is the n-th order Bessel function of the first kind. The latter mechanism
corresponds to subharmonic driving, when the spin degree of freedom is included
perturbatively. An analysis of Eq. 3.14 using the dressed-state formalism in the
context of silicon-based EDSR is found in [32].

To illustrate how the Rabi frequency scales in different parameter regimes, we
consider the full Hamiltonian numerically for various Ag,r,p, Ez:

H(t) = —%TZ + E! . sin(wt)d — %02 + bl B0y, (3.15)
with all definitions the same as in the main text. In all cases, we choose an ini-
tial state in the ground valley-orbit and spin states, and we set fiw = FEy for all
simulations, neglecting the small g-factor renormalization due to the micromagnet
coupling for simplicity. The nominal transverse micromagnet gradient is simulated
to be between 0, along the qubit axis, and 0.7 mT/nm along the orthogonal axis.
Due to fabrication imperfections and qubit driving likely not taking place along the
maximal gradient, we use a value of |bgr| = 0.3 mT/nm in simulations. This con-
servative estimate should underestimate the Rabi frequency at which nonlinearity
arises. The small longitudinal gradient can be predicted from the approximately
100 MHz Zeeman difference between the qubit, with an estimated pitch of 100 nm,
as 0.04 mT/nm along the qubit axis. Therefore, we neglect any o, coupling in the
simulation.

In Fig. 3.7, we simulate EDSR mediated by an orbital state with an estimated
energy splitting of Ag = 1 meV and a corresponding dipole transition element of
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Figure 3.6: (a) Rabi frequency and (b) visibility of valley-mediated EDSR where Ag = 150 peV,
r = 2 nm, and Ez = 60 peV. Different values of p consider different spatial orientations of the
excited valley state. (c) Rabi frequency and (d) visibility of valley-mediated EDSR considering
different Zeeman splittings where Ag = 150 peV, r = 2 nm, and p = 0 nm.

r =20/v/2 nm. By changing the parameter p, we effectively model the influence of
an asymmetric confinement potential, where the excited state has a shifted centre
of mass. Such a skew has negligible influence for a weakly driven spin. Notably,
for larger drives (frabi > 10 MHz) the Rabi frequency deviates below the linear
trend predicted by Eq. 3.5 and the visibility decreases due to residual couplings to
spin-orbit states outside of the qubit subspace. Such effects have been observed in
[8, 23], and may be exacerbated by microwave heating which is not included in our
simulations. For considering the phenomenology discussed in the main text, we use
this model when p = 0 nm and add the prefactor f(Py,ws) to Eq. 3.3.

In Fig. 3.6(a-b), we probe EDSR when mediated via a valley state. Magne-
tospectroscopic measurements of the device in our experiment show valley splittings
of 180 peV and 160 peV for Q1 and Q2 respectively. We note that valley splittings
of this magnitude would suggest that there is a relatively small degree of hybridiza-
tion between orbital and valley degrees of freedom due to interface defects. For our
simulations, we select a valley splitting of Ay = 150 peV and a modest dipole tran-
sition element of 7 = 2 nm. An interesting feature appears at the particular Zeeman
splitting of Ez = 60 peV, where both a dip in the Rabi frequency and visibility
are found at larger driving amplitudes. The precise driving amplitude where this
dip occurs depends on the spatial nature of the valley-like states. We have verified
that such a dip can also result in a crosstalk effect, though it qualitatively does not
match that observed in experiment.
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Figure 3.7: (a) Rabi frequency and (b) visibility of orbital-mediated EDSR where Ag = 1 meV,
r= 20/\/5 nm, and Ez = 60 peV. As no rotating wave approximation is made in the simulation,
the spin dynamics are not perfectly sinusoidal and small aberrations in the visibility trend appear.
The Rabi frequency is well defined in all cases. As illustrated in the sketch, a larger length p
corresponds to a more skewed confinement potential. This results in a different electric dipole which
affects the onset of the nonlinear features for strong drives. Nonlinearity in the Rabi frequency
scaling becomes apparent when the energy scale of the drive E/_ is no longer of a perturbative
magnitude with respect to the orbital spacing Ag.

In Fig. 3.6(c-d), we repeat EDSR simulations with a valley-like state with r =
2 nm and p = 0 nm for different Zeeman splittings similar to those used in exper-
iment. In contrast to orbit-mediated EDSR, there is a notable dependence of the
Rabi frequency on Ez. However, no nonlinearity like that seen in experiment is
observed.
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Qubit decoherence in a sparse bath
of two-level fluctuators

Decades of extensive research have successfully reduced the number of decohering
defects in the environment of semiconducting and superconducting qubits, leading
to significant improvements in their coherence times. However, the resulting sparse
defect environments leads to increased variability of coherence times among qubits
in quantum processors. In this chapter, we study qubit decoherence as measured
in the Ramsey and Hahn echo experiments, which are caused by a sparse bath of
defects producing noise with spectral density S(f) ~ 1/f. The defects are modeled
as two-level fluctuators, each randomly changing state with a rate v, that is log-
uniformly distributed in [y,,, va]. We find that the bath density, defined as the
ratio of the number of TLFs to the logarithmic width of the distribution of rates,
is a key parameter in determining the behavior of the system. We confirm that
although the noise spectral density remains approximately unchanged, the coher-
ence times become more variable as the bath density decreases. Furthermore, we
numerically confirm that in sparse baths, the Ramsey and echo decay times, 75 and
Ts, are dominated by a few exceptional defects characterized by their rate . If the
exceptional defects are removed, the coherence times greatly improve. Additionally,
we observed that for a narrow distribution of the couplings of two-level fluctuators
to the qubit, the Ramsey decay in a sparse bath may exhibit revivals. This study
provides new insights into qubit decoherence by realistic 1/ f noise which could lead
to the development of strategies to further improve coherence times.

Author contributions: Contributed to conceiving and implemented the work. This work was
conceived and planned by V. V. Dobrovitski, who also participated in the discussion and analysis
of the results. Most results of this chapter are published in Ref. [1].
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4.1. INTRODUCTION

CALING quantum computers requires large arrays of well-characterized physical
S qubits with long coherence times, enabling the application of quantum error
correction protocols [2, 3]. Noise with spectral density S(f) ~ 1/ f poses a significant
challenge in scaling up solid-state qubits by reducing their coherence times [4]. For
instance, coherence times of semiconductor spin qubits are shortened by charge noise
[5—11], while coherence times of various superconducting qubits are limited by both
charge and magnetic flux noise [12-17]. All of these noise sources exhibit a 1/f
dependence in certain frequency ranges of the spectrum [4].

Collective dynamics of a bath of two-level fluctuators (TLFs) is a widely accepted
model of 1/ f noise [18-20]. Any quantum two-level system that undergoes repeated
incoherent tunneling between its states can be a TLF [21]. A well-known example
is the displacement of an atom or a group of atoms between energetically similar
states in a glass [22, 23]. This type of TLFs are present in the glass oxides used
as insulators in solid-state qubit devices [8, 24]. A similar mechanism, particular
to quantum dot devices, is the trapping and detrapping of charged particles [25].
As another example, the surface spins giving rise to flux noise in superconducting
circuits are hypothesized to form clusters that act as TLFs [26, 27].

Although the microscopic origins of 1/ f noise in solid-state qubit devices are not
fully understood, substantial progress has been made in mitigating noise sources in
the fabrication stage [8, 28, 29]. For instance, reducing the thickness of the dielectric
layer has been shown to decrease charge noise in Si/SiGe quantum dot spin qubits
[8], while minimizing the junction area and appropriate surface treatment can reduce
charge and flux noise in superconducting qubits [30-32]. Consequently, it is plausible
that the 1/f noise in current devices arises from a sparse bath of TLFs [10, 33]. In
this work, we study qubit decoherence induced by a sparse TLF bath producing
noise with 1/f spectral density. In general, coupling of a qubit to a bath of TLFs
can result in both energy relaxation (77) and dephasing (75 and T3) processes.
Here, we focus solely on the qubit dephasing as measured in Ramsey and Hahn echo
experiments.

The conventional approach describes the qubit decoherence in terms of the noise
(first) spectral density [12, 34-37]. However, the qubit decoherence is uniquely
related to the noise spectral density if the noise is a Gaussian random process. Using
numerical simulation, we found that the Gaussianity of the 1/f noise produced by
a TLF bath is determined by the bath density d = n/w, where n is the number
of TLFs and w = In(yy/vm) is the logarithmic width of the distribution of TLF
rates v. The 1/f noise of a TLF bath becomes a Gaussian random process when
d — oco. We assume the rates, v, are log-uniformly distributed while the coupling
strengths of the TLFs to the qubit, v, are narrowly distributed. These assumptions
guarantee the spectral density of both sparse and dense baths to be of the form
S(f) ~ 1/f. Our study indicates that even though the spectral density of sparse
and dense baths are quite similar, the qubit decoherence exhibits large fluctuations
across different bath samples when the bath density d is small. Furthermore, we
found that the qubit decoherence in a sparse bath is dominated by a small fraction
of TLFs characterized by their rates. Below, these TLFs are called exceptional. If
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the exceptional TLFs are removed, the coherence times improve substantially.

In addition to the bath density d, the mean coupling strength v relative to the
minimum and maximum rates, 7, and s, is of equal importance. The weak and
strong coupling regimes are defined by v < 7, and v > ,,, respectively. As vy,
is large, we have excluded the case of v 2 ;s from this study. Moreover, we have
omitted the echo decay in the weak coupling regime since it produces results similar
to the Ramsey decay in the same regime. Therefore, our focus is on studying the
Ramsey and echo decay in the strong coupling regime and the Ramsey decay in the
weak coupling regime.

This chapter is organized as follows. In Sec. 4.2, we introduce the model used
to investigate qubit decoherence by 1/f noise of a TLF bath. Section 4.3 presents
the Monte Carlo simulations of the model. In Sec. 4.3.1, we demonstrate that qubit
decoherence in sparse baths varies significantly among bath samples, despite both
sparse and dense baths having a 1/ f power spectrum. Section 4.3.2 primarily focuses
on the impact of exceptional TLFs on qubit decoherence in sparse baths and the
substantial improvement achieved by their removal. In Sec. 4.3.3, we show that
in the strong coupling regime (v > 7,,), the Ramsey decay may exhibit revivals.
In Sec. 4.4, we analyze the results by (¢) discussing why conventional approach
of Refs. [12, 34-37] cannot explain the variability in qubit decoherence, and (i)
comparing exceptional TLFs with few strongly coupled TLFs that have a similar
effect [34]. Finally, in Sec. 4.5, we conclude with remarks on the implications of our
findings and suggest directions for future work.

4.2. MODEL DESCRIPTION

We consider a qubit coupled to a bath of non-interacting TLFs. The qubit density
matrix may be written as

1
p= 5(1—1—771306m + my6y +m.6.), (4.1)

where 6,, 6, and 6, are the Pauli matrices, 1 is the identity matrix, and m,, with
n € {x,y,z} are the qubit’s Bloch vector components. The qubit is defined using
the basis states |0) and |1), which are the eigenstates of the Pauli matrix 4,.

The qubit dynamics in the presence of the TLF bath is governed by the Hamil-
tonian

H(t) = %[VO +v(t)]6, + @ cos(vpt + ¢)6, (4.2)

where we have set i = 1 for simplicity. Here, v is the qubit Larmor frequency
and v(t) represents random modulations of the qubit frequency induced by TLFs.
The second term describes the control pulses that implement the qubit rotations
required in Ramsey and echo experiments, with the rotation axis specified by ¢ and
the rotation angle determined by the area under the envelope Q(t). In the frame
rotating with angular frequency vy with respect to the lab frame, and within the
rotating wave approximation, the qubit Hamiltonian reads
PO ()

(t) = T&Z + ?[cos ¢G4 + sin ¢dy]. (4.3)



42 4. QUBIT DECOHERENCE IN A SPARSE BATH OF TWO-LEVEL FLUCTUATORS

In the following, we first discuss the details of the TLF bath and then provide explicit
expressions for the Ramsey and echo decay using the Hamiltonian in Eq. (4.3).

In general, a TLF is a quantum two-level system coupled to its own environment.
A well-known example of a TLF is the spin-boson model, which is used to study
the dissipative dynamics of a two-level system in a heat bath [21]. This model
has different regimes of behavior. In the incoherent tunneling regime, the two-level
system undergoes a series of sudden jumps. A TLF in this work could be thought
of as a two-level system in the spin-boson model operating within the incoherent
tunneling regime. A TLF can be approximated by a classical random process if the
coupling strength to the qubit is smaller than the decoherence rate of the TLF on
its own bath [38]. We assume that the TLFs are symmetric, spending equal time in
both states on average. Physically, a TLF could be a particle incoherently tunneling
or thermally hopping between the minima of a double-well potential [22, 23, 39-41].
For a symmetric TLF, the energy difference ¢ between the minima is zero. At
high temperatures, when kT > €, TLFs with non-zero € become symmetric [42].
We note that other physical systems, such as charge traps near gate electrodes or
magnetic impurities, can also behave like TLFs [26, 27, 43-46].

We model each TLF by the classical random process

vi(t) = vii(t), (4.4)

where & (t) is a stationary two-state Markov process with the states 1 [47], vy is
the coupling strength of the TLF to the qubit, and the index k =1, ..., n labels
the TLF. The two-state Markov process is also called random telegraph noise [18].
The autocorrelation function of the two-state Markov process reads

(€r(0)&k (1)) = eI, (4.5)

where the brackets (...) denote averaging over different realizations of the process,
and v is the transition rate from one state of the process to the other.
The TLF rates are samples of the log-uniform distribution

1

Pey) = o (46)
with lower and higher cutoffs v, and ~,s, respectively. The normalization constant
w = In(yrr/vm) is the logarithmic width of the distribution of rates. For clarity,
we drop indices whenever possible. Throughout this work, we assume a narrow
distribution of coupling strengths Py (v), either Dirac delta distribution or normal
distribution with mean v and standard deviation oy, satisfying oy /0 < Yar/Ym.-
We define the bath density d as the ratio of the number of TLFs n to the log-width
of the distribution of rates w, i.e.,

d= e (4.7

This parameter plays a crucial role in our work, as we observe novel effects in the
regime where d is small, and the TLF bath is sparse.



4.2. MODEL DESCRIPTION 43

A sample TLF bath is characterized by the set

B = {(’ha Ul)a"'a(’ka Uk)v"'v(’)/n; Un)}7 (48)

where each pair (yx, vg) for k = 1,---  n represents the jumping rate and the cou-
pling strength of the k-th TLF. As said, these values are samples of the probability
densities Pr(y) and Py (v). Consequently, the properties of the noise generated
by each sample bath and the corresponding qubit decoherence can vary between
different bath samples. The total noise produced by a sample TLF bath reads

n

v(t) = wi(t), (4.9)

k

where v (t), as defined in Eq. (4.4), represents the noise produced by the k-th TLF.

The power spectral density of noise v(t) is a useful tool for understanding how
the noise power is distributed across different frequencies. It is defined using the
statistical properties of the noise, with stationarity playing a crucial role. The

spectral density of v(t) is expressed as
T 2
/ dt et v(t)| ), (4.10)
0

where v(t) represents a single realization of the noise, and (- - - ) denotes the averaging
over different realization of the noise. This expression can be rewritten as

T—o0

. 1
S(w) = lim T <

S(w) = lim —/ / dt'dt” " =) (Wt u(t")). (4.11)

T—oo T

Since vy (t) is stationary, the sum v(t) = >, v (t) is also stationary. The statistical
properties of a stationary process, such as the autocorrelation function, remain
invariant under time shifts. Therefore, for the stationary noise v(t), we have

((t')o(t")) = (w(O)(t" —t'). (4.12)

This implies that the correlation between two values of the process depends only
on the time difference ¢ — ¢/, rather than the specific time points ¢’ and ¢’. Conse-
quently, the spectral density can be expressed as

—+o0
S(w) = / dt ¢ (p(0) (). (4.13)
— 00

This expression is often used as the primary definition of power spectral density,
in place of Eq. (4.10). The Wiener-Khinchin theorem formally restates this result,
though invoking the theorem is not strictly necessary to establish the relationship.
The Wiener-Khinchin theorem states that the power spectral density of a wide-sense
stationary random process is the Fourier transform of the autocorrelation function,
and vice versa [48].
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The power spectral density of the noise generated by a single TLF, vy (t), can be
calculated as

+oo
Sk(w) = / dt et (U (0)vg (1))

— 00
+oo )
_ / dt et =2l (4.14)
— 00
4%1},%
e R

The power spectral density of the total noise v(t) is then
w) = Z Sk (w). (4.15)
k

Since S(w) is a sample of the sum of independent and identically distributed random
variables, dividing S(w) by n gives the sample mean of the spectral density Si(w).
According to the law of large numbers [49], as n increases, this sample mean, if it
exists, converges to the true mean of Si(w). In other words,

) 1 n VM Y™
i 3 Sw) / | i rw re) 5

(4.16)
= [arctan(Q'yM/w) — arctan(27y,, /w)],
where our
v? = / dv Py (v) v?, (4.17)

is the variance of noise generated by a single TLF, and v,, and v,; represent the
minimum and maximum values of the coupling strength, respectively. It should be
noted that the limit n — oo is useful for obtaining the analytical estimates of the
noise spectral density. However, in practice, the number of TLFs n can be large but
not infinite in the strict mathematical sense.

The power spectral density provides a tool for analyzing the spectral components
of noise, allowing us to identify regions where the noise behaves as white noise
(constant power across frequencies) or colored noise (power concentrated in specific
frequency bands). Asymptotic expansions of the spectral density

S(w) = 21:52 [arctan(2yys /w) — arctan(2v,,/w)] , (4.18)

in the low (w < 7,), intermediate (7, € w < var), and high (w > ) frequency
regimes provide simple representations of the distribution of noise power across
different frequencies. Using the trigonometric identity

1
arctan(z) + arctan (z) =— (4.19)
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and the Taylor series expansion of the arctangent function,
3

arctan(z) = z — % +O(2%), (4.20)
which is convergent for |z| < 1, except for z = +i, one obtains
1 1
arctan(y) = g — + 35 + 0@y, (4.21)

where y = 1/z. Equations (4.20) and (4.21) allow us to analyze the asymptotic
behavior of the arctangent function for small and large arguments, respectively. In
the low-frequency limit (w < 7., ), both arguments of the arctangent functions in
Eq. (4.18) are large (2vps/w > 1 and 2v,,/w > 1). Using Eq. (4.21), the spectral
density simplifies to a constant value, corresponding to the white noise spectrum of
v(t) at low frequencies. For intermediate frequencies (7, < w < var), 29nm/w > 1
while 2,, /w <« 1. Using the Taylor expansion of arctan(27,, /w) for small argument
and expanding arctan(2vy,,/w) using Eq. (4.21), the spectral density simplifies to

S(w) x l, (4.22)

w

characteristic of 1/f noise [19]. In the high-frequency limit (w > var), 2var/w < 1
and 2v,,/w < 1. Using the Taylor series expansion for both arctangent terms, the
spectral density simplifies to S(w) oc 1/w?.

Returning to system Hamiltonian in Eq. (4.3), we now provide explicit expres-
sions for the qubit dephasing in a TLF bath as measured in the Ramsey and Hahn
echo experiments. We assume the control pulses are extremely short, such that the
application of a pulse instantly rotates the qubit [50]. In the Ramsey experiment,
the qubit is initialized in the state m, = 1, and after freely evolving for the delay
time t is measured in the z basis. The echo experiment is similar, except for a m
rotation interjecting the free evolution time at ¢/2 [51]. Since the TLFs are symmet-
ric, the total noise has zero mean, and the noise-averaged Bloch vector component
(my(t)) remains zero while the qubit undergoes dephasing. The phase coherence as
measured in the Ramsey/Hahn echo experiments is therefore Fr g (B;t) = (m.(t)).
The qubit phase in the Ramsey experiment may be written as

Fr(B;t) = (exp[i/o dsv(s)]). (4.23)

Since the pulses are assumed to rotate the qubit instantaneously, the 7 pulse in the
echo experiment effectively changes the sign of the noise. Therefore, the echo decay
may be obtained via

t

t/2
Fy(B;t) = (exp[i/o dsv(s) —i /t/2 dsv(s)]). (4.24)

Since the TLFs are independent and v(t) = Y} v4(t), the Ramsey/Hahn echo signal
for a qubit coupled to a sample bath B is the product

Fryu(Bit) = [ £37u (ks vsi ), (4.25)
k
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where fl(%k/)H(t) is the Ramsey/Hahn echo decay induced by the k-th fluctuator.

Explicit expressions for the Ramsey and echo decay induced by a single fluctuator
are [42, 44, 52, 53]

fr(v,v;t) = e " (cosh at + 7 sinh at), (4.26)
o
and
—t 72 Yo v?
faly,v;t) =e™" (ﬁ cosh ot + S sinh at — ﬁ)’ (4.27)

where, a = y/72 — v2. In this work, the Ramsey and echo coherence times, denoted
by T3 and T, respectively, are defined via

Frry(B;TS) = 1/e. (4.28)

It is useful to recall that if the zero-mean stationary noise v(t) is a Gaussian
random process, it is fully characterized by the power spectral density S(w) (see
Ch. 2). This follows from the cumulant expansion for Gaussian processes, where all
cumulants of order higher than two are zero. The first and second-order cumulants
of a random process correspond to its mean and autocorrelation function, respec-
tively. In this work, we consider the general situation where v(t) is not necessarily
Gaussian. Therefore, the qubit decoherence induced by such a noise is not always
fully described by the noise power spectral density S(w). This motivates the use of
exact expressions given by Eq. (4.25), instead of the spectral density, for describing
the qubit decoherence. Furthermore, the average of S(w) for any number of TLFs
n, even if n is not large, matches the expression in Eq. (4.18). This indicates that
S(w) is a self-averaging quantity.

4.3. NUMERICAL SIMULATION RESULTS

To numerically compute the Ramsey/echo decay in a given bath sample B, we
generate a list of TLF rates and coupling strengths as given in Eq. (4.8). We
obtain the modified bath sample, denoted by B, by eliminating the pairs of (v, v)
corresponding to exceptional defects, specified in Sec. 4.3.2. The Ramsey/echo
decay in a given bath sample, either original B or modified B, is then calculated
using Eqgs. (4.25), (4.26), and (4.27). This procedure constitutes the main part of
the algorithms used for our numerical simulations.

4.3.1. VARIABILITY OF QUBIT DECOHERENCE

Figure 4.1 presents the numerically computed spectral densities of noise generated by
different TLF bath samples. In both panels, the coupling strengths are distributed
according to Py (v) = d(v — v), excluding the possibility of pronounced Lorentzian
peaks from individual TLFs in the spectrum. The values of ~,, and v, which define
the lower and upper cutoffs, are held constant across all spectra. In Fig. 4.1(a), the
number of TLFs n is varied, resulting in bath densities of d < 1, d ~ 1, and d > 1
for small, intermediate, and large values of n, relative to the logarithmic width of
the rate distribution w = In(yas/vm ). Notably, the spectral densities of both sparse



4.3. NUMERICAL SIMULATION RESULTS 47

Shifted |

Spectral density S(w)

Figure 4.1: Simulated spectral densities of the noise generated by bath samples of varying density
d. Both panels (a) and (b) have the same ratio of yar/vm = 10%, motivated by experimental
observations of 1/f noise in semiconductor spin qubit devices, which can span several decades
in frequency (see, for instance, Refs. [7, 11]). The noise variance nv? = ~2, is the same for all
plotted spectra, but the spectra are shifted vertically for clarity. The horizontal and vertical axes
in both plots are scaled logarithmically (log-log plots). (a) Spectral densities of sample baths with
different values of d. The number of TLFs for the blue, red, and black curves are respectively
n = 5, 30, 1000, while the ratio vas/vm = 10° remains constant, resulting in bath densities of
d =~ 0.18, 1.08, 36.19. (b) Spectral densities of sparse sample baths with fixed values of n = 10
and d &~ 0.36. Each colored curve represents a specific sample of the spectral density of the TLF
bath, characterized by the set B given in Eq. (4.8).

(d < 1) and dense (d > 1) bath samples are quite similar, with minimal wiggles
introduced by individual TLFs. In particular, a 1/f dependence is observed between
the lower and upper cutoffs, even for d < 1. Here, the noise variance nv? is kept
constant, but the sample spectra are shifted vertically for clarity. Figure 4.1(b)
shows multiple samples of the spectral density for sparse baths, with all system
parameters held fixed. While the precise location of the wiggles varies between
samples, the general 1/f scaling of the spectra remains consistent across samples.

As shown in Fig. 4.2, the behavior of the Ramsey decay Fr(B;t) in sparse and
dense baths is distinct from the noise spectra. Figure 4.2(a) shows the Ramsey
decay in a few sparse bath samples with a fixed small density d, revealing that the
qubit decoherence varies significantly among different bath samples. In contrast,
Fig. 4.2(b) shows the Ramsey decay for a few dense bath samples with a fixed large
density d. Here, the Ramsey decay only exhibits subtle variations between the dif-
ferent bath samples. The probability density functions (p.d.f’s) of the Ramsey decay
Fr(B;t) for sparse and dense baths are estimated in Figs. 4.2(c) and 4.2(d), respec-
tively. These panels are pixelated, and a vertical column of pixels is a histogram
showing the estimated p.d.f. of Fr(B;t) at a specific value of 7,,¢. The color inten-
sity represents the relative number (fraction) of the qubits having a specific value
of Fr(B;t) [or Fy(B;t) in remainder of the text] at a specific value of ~,,t. The
estimated p.d.f’s demonstrate that for small d, the qubit decoherence is subject to
large variations, while for large d, the decoherence only varies slightly.
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Figure 4.2: Ramsey decay in the weak coupling regime for sparse versus dense baths. The ratio
Y /¥m = 10% is fixed in all panels. (a) Ramsey decay in 30 sparse bath samples with n = 10 and
d ~ 0.87, where the coupling strengths are distributed according to Py (v) = §(v —0) with © = .
(b) Ramsey decay in 10 dense bath samples with n = 160 and d =~ 13.9, where the coupling
strengths are distributed according to Py (v) = §(v — v) with © = 7, /4, ensuring that the noise
variance nv? remains the same as in (a). (c)-(d) Histograms estimating p.d.f’s of Ramsey decay
Fr(B;t) corresponding to parameter values in (a)-(b). Each panel has a resolution of 103 x 103
pixels, and a vertical column of 103 pixels at a given time t represents a histogram of 10° samples
of Fr(B;t). The number of counts in each pixel is divided by 100 to estimate the probability
density of Fr(B;t). The estimated p.d.f. values smaller than 10 are linearly mapped to the color
bar, while those greater than or equal to 10 are mapped to the darkest shade in the color bar.

The same behavior can be seen for the echo decay Fy(B;t). Figures 4.3(a)
and 4.3(b) compare the echo decay in sparse and dense baths. The echo decay in
sparse bath samples with a fixed small density d varies again largely among the
different bath samples. In contrast, the echo decay in dense bath samples with a
fixed large density d only slightly varies between the different bath samples. The
estimated p.d.f’s of the echo decay Fi(B;t) for sparse and dense baths are shown
in Figs. 4.3(c) and 4.3(d), respectively.

These simulations indicate that the qubit decoherence is strongly influenced by
the density of the TLF bath d, with significant differences observed between sparse
and dense baths. Although the spectral densities of both types of baths exhibit a
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Figure 4.3: Echo decay in sparse versus dense baths. For all panels, the ratio yys/ym = 1012 is
fixed. (a) Echo decay in 30 sparse bath samples with n = 16 and d ~ 0.58. The coupling strengths
are distributed according to Py (v) = §(v — 9), with © = v, x 107. (b) Echo decay in 10 dense
bath samples with n = 100 and d =~ 3.62. We plotted fewer samples than in (a) for clarity. The
coupling strengths are distributed according to Py (v) = §(v — ¥), with ¥ = 47, x 108, so that the
noise variance nv? remains the same as in (a). (c)-(d) Histograms estimating p.d.f’s of echo decay
Fp (B;t) corresponding to parameter values in (a)-(b). Details of the histograms are the same as
in Fig. 4.2(c).

1/f dependence with minimal wiggles from individual TLFs, the variability of qubit
decoherence is much greater in sparse baths than in dense ones. It is important to
note that this feature is dependent not only on the bath density d but also on the
coupling regime. The large variability occurs for Ramsey decay in the weak coupling
regime and echo decay in the strong coupling regime, but not for Ramsey decay in
the strong coupling regime. Simulation results for the Ramsey decay in the strong
coupling regime are presented separately in Sec. 4.3.3.

4.3.2. IMPROVEMENTS BY REMOVING EXCEPTIONAL DEFECTS

A special feature of sparse baths is the occurrence of exceptional defect, a single
TLF that dominates the qubit decoherence. An exceptional defect is identified as
the TLF whose jumping rate v is closest to the mean coupling strength v. The
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question is whether removing exceptional defects can improve the coherence times.
By removing only a fraction of these defects one can greatly improve coherence
times. We demonstrate this improvement for both an infinitely narrow distribution
of coupling strengths and a normal distribution with a small standard deviation. In
both cases, removing exceptional defects leads to similar improvements in coherence
times.

Figure 4.4 shows the qualitative improvement in Ramsey decay by removing
exceptional defects. Specifically, Fig. 4.4(a) shows the Ramsey decay over multiple
bath samples with a fixed small density d. The original bath samples consist of
12 TLFs. These baths are modified by removing only two exceptional TLFs. The
original and modified baths are denoted by B and B, respectively. The Ramsey decay
over the original and modified baths, is shown in blue and red curves, respectively.
Figure 4.4(b) illustrates that the improvement in Ramsey decay due to removal of the
exceptional defects is accompanied by a shuffling effect; the order of Ramsey decays
in terms of their coherence times is not preserved when the baths are modified.
Figures 4.4(c) and (d) are histograms estimating the probability densities of Ramsey
decay in the original and modified baths, respectively.

In Fig. 4.5, we quantify the improvement of Ramsey decay by eliminating the
exceptional defects, using the same parameters as in Fig. 4.4. We benchmark the
improvement using the coherence fidelity, which is the amplitude of Ramsey decay
Fr(B;t) at a specific time ¢, and the coherence time Ty . Figure 4.5(a) displays the
estimated probability densities of the coherence fidelity for the original and modified
baths. To determine the fraction of qubits with coherence fidelities above a certain
value, we use the complementary cumulative distribution function (c.c.d.f.) defined
as Fx(r) = [, Px(u)du for a random variable X with sample  and probability
density Px (z). By removing 2 exceptional defects, the fraction of qubits with coher-
ence fidelity above 90% at time ¢ = 1/~,, improves by & 7.7, as shown in Fig. 4.5(b).
Figures 4.5(c) and (d) show the estimated p.d.f. and c.c.d.f. of Ty for the original
and modified baths. We see that the fraction of qubits with 7% > 20/~,, improves
by ~ 14.

Figure 4.6 shows the qualitative improvement in echo decay by removing excep-
tional defects. Figure 4.6(a) shows the echo decay over multiple bath samples with
a fixed small density d. The original bath samples, consisting of 20 TLFs, were
modified by removing only two exceptional TLFs. The original and modified baths
are again denoted by B and B, while the blue and red curves represent the echo
decay over the original and modified baths. We observe in Figs. 4.6(a) and (b) that
the removal of exceptional defects leads to a significant improvement in echo decay.
Figures. 4.6(c) and (d) are histograms estimating the probability densities of echo
decay in the original and modified baths.

In Fig. 4.7, we quantitatively investigate the impact of eliminating exceptional
defects on the echo decay, using the same parameters as in Fig. 4.6. Figure 4.7(a) and
(b) show the estimated p.d.f. and c.c.d.f. of the coherence fidelity for the original and
modified baths. Removing two exceptional defects enhances the fraction of qubits
with coherence fidelity above 90% at time ¢t = 1075/, by ~ 3.9 [see Fig. 4.7(b)].
The estimated p.d.f. and c.c.d.f. of T5 for the original and modified baths show that



4.3. NUMERICAL SIMULATION RESULTS 51

Fr(B;t) & Fr(B;t)

Ramsey, Ramsey,
original modified

= =

= s

5 5

0 L20 | — 0 0
0 2 4 6 8 10 0 2 4 6 8 10
Ymt Yl

Figure 4.4: Improvement of Ramsey decay by removal of exceptional defects. (a) Ramsey decay
over 40 bath samples (blue curves) with yps/vm = 10° and n = 12, giving d ~ 1.04. The coupling
strengths are distributed according to Py (v) = §(v—70) with ¥ = 7;,,. Each bath sample is modified
by removing two TLFs with the smallest rates. Ramsey decay over modified baths is shown in red
curves. (b) Ramsey decay over 5 bath samples with the same parameters as in (a). Solid/dashed
curves show Ramsey decay over original/modified bath samples. Ramsey decay in the original and
the corresponding modified bath have the same color. (c) and (d) Histograms estimating p.d.f’s
of Fr(B;t) and FR(B; t) corresponding to parameter values in (a). Details of the histograms are
the same as in Fig. 4.2(c).

the fraction of qubits with Ty > 4 x 107 /7, improves by ~ 7.5 [see Figs. 4.7(c)
and (d)].

Since an infinitely narrow distribution of coupling strengths is unrealistic, we
now check whether exceptional defects have similar impacts for a more realistic
distribution of couplings. For this purpose, we consider a normal distribution of
coupling strengths characterized by the mean value v and the standard deviation
oy . To ensure a narrow distribution of coupling strengths, we impose the condition
that the ratio of oy to v is much smaller than the ratio of the maximum to minimum

rates, i.e.,

IV M (4.29)
T Ym

This prevents the introduction of pronounced Lorentzian peaks into the spectrum
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Figure 4.5: Quantified improvement of Ramsey decay by removal of exceptional defects. The
system parameters are the same as in Fig. 4.4. (a) P.d.f’s of fidelity at time ¢t = 1/vm for the
original and modified baths. (b) C.c.d.f’s of fidelity at time ¢ = 1/y, for the original and modified
baths. The fraction of qubits with fidelity above 90% has approximately a 7.7-fold improvement.
(c) P.d.f’s of Ty for original and modified baths. (d) C.c.d.f’s of T} for original and modified baths.
The fraction of qubits with coherence times T3 > 20/, improves approximately by a factor of
14.2.

that may occur if few TLFs with large coupling strengths are present on the tail
of a wide distribution. Otherwise, the spectral density is substantially altered and
deviates from the 1/f scaling with frequency between the lower and higher cutoffs.
Figures 4.8 and 4.9 show the improvements of Ramsey and echo decay by removing
exceptional defects, considering a normal distribution of coupling strengths. These
results are qualitatively and quantitatively comparable to our previous findings for
an infinitely narrow distribution of coupling strengths.

4.3.3. REVIVALS OF RAMSEY DECAY

Ramsey decay exhibits revivals in the strong coupling regime when the bath is sparse
and the coupling strengths are narrowly distributed. However, these revivals dis-
appear when the distribution of coupling strengths is wide, as shown in Fig. 4.10
through numerical simulations. We consider normally distributed coupling strengths
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Figure 4.6: Improvement of echo decay by removal of exceptional defects. (a) Echo decay over
30 bath samples (blue curves) with var/ym = 1012 and n = 20, giving d ~ 0.72. The coupling
strengths are distributed according to Py (v) = §(v — ©) with © = 7,,. Each bath sample is
modified by removing two TLFs with the rates 7 closest to . Ramsey decay over modified baths
is shown in red curves. (b) Ramsey decay over 5 bath samples with the same parameters as in
(a). Solid/dashed curves show Ramsey decay over original/modified bath samples. Ramsey decay
in the original and the corresponding modified bath have the same color. (c¢) and (d) Histograms
estimating p.d.f’s of F(B;t) and Fg(B;t) corresponding to parameter values in (a). Details of
the histograms are the same as in Fig. 4.2(c).

with mean v and deviation oy . Figure 4.10(a) shows the Ramsey decay for a fixed
small density d and a wide distribution of coupling strengths, while the inset shows
the Ramsey decay for a narrow distribution of coupling strengths. The correspond-
ing histograms in Fig. 4.10(b) and its inset estimate the p.d.f’s of the Ramsey decay
Fgr(B;t) for wide and narrow distributions of coupling strengths. We see a revival
with a peak at 7/0 for the narrow distribution, while in the case of wide distribution,
the revivals are averaged out.

4.4. DISCUSSION

We showed in Sec. 4.3.1 that decreasing the bath density d increases the variability
of qubit decoherence while maintaining a 1/f spectral density. This greatly lim-
its the applicability of the filter function formalism [12, 34-37] in describing qubit
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Figure 4.7: Quantified improvement of Ramsey decay by removal of exceptional defects. The
system parameters are the same as in Fig. 4.6. (a) P.d.f’s of fidelity at time t = 1076 /4, for
the original and modified baths. (b) C.c.d.f’s of fidelity at time ¢ = 1076 /v, for the original
and modified baths. The fraction of qubits with fidelity above 90% has approximately a 3.9-fold
improvement. (c) P.d.f’s of Tk for original and modified baths. (d) C.c.d.f’s of T> for original
and modified baths. The fraction of qubits with coherence times To > 4 x 1076 /v, improves
approximately by a factor of 7.5.

decoherence in sparse baths. The filter function formalism describes the qubit de-
coherence within the Gaussian approximation of the environmental noise. It relates
the Ramsey and echo decay to the noise first spectral density S(w) via

1, (4.30)
where Gr(wt) = 2sin® % and Gy (wt) = 8sin® ¢ are the Ramsey and echo filter
functions, respectively [35]. This equation allows for describing the qubit dynamics
without requiring knowledge of the environment’s microscopic details. One can also
use Eq. (4.30) to characterize the environmental noise from the qubit’s dynamics.
However, it is important to note that Eq. (4.30) only provides partial information
about the environmental noise since it is not known a priori whether the noise is a
Gaussian random process. The first spectral density S(w) can only fully characterize
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Figure 4.8: Improvement of Ramsey decay by removal of exceptional defects for a normal distribu-
tion of coupling strengths. (a) Ramsey decay over 30 bath samples (blue curves) with vz /vm = 10°
and n = 12, giving d ~ 1.04. The coupling strengths are normally distributed with mean v = ~p,
and deviation oy = vy, /10. Each bath sample is modified by removing two TLFs with the smallest
rates. Ramsey decay over modified baths is shown in red curves. (b) C.c.d.f’s of fidelity at time
t = 1/vm for the original and modified baths. The fraction of qubits with fidelity above 90% has
approximately a 7.5-fold improvement. (c) C.c.d.f’s of T for original and modified baths. The
fraction of qubits with coherence times T > 20/~ improves approximately by a factor of 14.2.

the noise if it is a Gaussian random process [48], and the noise produced by a sparse
bath can be non-Gaussian.

Increasing the bath density d, while keeping the interval [y, 7ar] and the
noise variance nv? constant, reduces the variability of Ramsey and echo decay [see
Figs. 4.1, 4.2, and 4.3]. As the bath density d approaches infinity, the variability of
Ramsey and echo decay disappears, and the signals Fr/g(B;t) and Fg,g[S(w);t],
given by Eqgs. (4.25) and (4.30), merge. In this limit, the noise produced by the
TLF bath becomes a Gaussian random process. We stress that it is the bath den-
sity d and not the number of TLFs n that determine the Gaussianity of the noise.
We believe that the present devices with high-quality qubits are plausibly coupled
to sparse baths with small bath density d. In this regime, the qubit decoherence
variability is high, despite the similarity of noise spectra shown in Fig. 4.1(b).
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Figure 4.9: Improvement of echo decay by removal of exceptional defects for a normal distribution
of coupling strengths. (a) echo decay over 30 bath samples (blue curves) with vys/¥m = 102 and
n = 20, giving d ~ 0.72. The coupling strengths are normally distributed with mean o = 105+,
and deviation oy = v. Each sample bath is modified by removing two TLFs with rates closest
to 0. Ramsey decay over modified baths is shown in red curves. (b) C.c.d.f’s of fidelity at time
t = 1076 /4, for the original and modified baths. The fraction of qubits with fidelity above 90%
improves approximately by a factor of 2.9. (c) C.c.d.f’s of T for original and modified baths.
The fraction of qubits with coherence times T» > 4 x 1076/~,, has approximately a 3.9-fold
improvement.

We now analyze the significant impact of exceptional defects on coherence times,
despite them being a small fraction of defects. Exceptional defects are best under-
stood in the Ramsey decay. We consider the special case of strictly weak coupling
strengths, Vk: v < ~y, that are infinitely narrow distributed, Py (v) = §(v — 0).
The total Ramsey decay in the sample bath B and the decay induced by a single
TLF are given by Eqs. (4.25) and (4.26), respectively. Asymptotically, the Ramsey
decay induced by a single fluctuator for times ¢ > ~y; converges to

_ vt
Fr(m, 031) ~ exp(—5—). (4.31)
V&
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Figure 4.10: Revivals of Ramsey decay over sparse bath samples in the strong coupling regime
(T > ym), with a fixed ratio of yas/ym = 10'°, mean coupling strength of & = ~,m, x 10%, and
n = 16 TLFs giving a bath density of d ~ 0.69. The axes of insets have the same labels as the
main panels. (a) Ramsey decay over 15 sparse bath samples with a wide distribution of coupling
strengths with standard deviation oy = 5ym X 10%. The inset shows the Ramsey decay in bath
samples with a narrow distribution of coupling strengths with standard deviation oy = v, x 102.
(b) Histograms estimating the p.d.f’s of the Ramsey decay with the same parameters as in (a) and
its inset. In our numerical simulations, we considered the whole range of Ramsey decay Fr(B;t),
i.e., [-1, 1], and the resolution of both the outer panel and the inset were originally 1000 x 1250
pixels. A vertical column of 1000 pixels at a given time t represents a histogram of 10° samples
of Fr(B;t). In the outer panel and its inset, the number of counts in each pixel is divided by 200
to estimate the p.d.f. values of Fr(B;t). The estimated p.d.f. values smaller than 5 are linearly
mapped to the color bar, while those greater than or equal to 5 are mapped to the darkest shade
in the color bar. Here, we have cropped the plots for aesthetic reasons. The outer panel covers
the range of Ramsey decay [—0.3, 1] with a resolution of 650 x 1250 pixels. The inset covers the
range of Ramsey decay [—0.5, 1] and has a resolution of 750 x 1250 pixels.

For times t > 1/4,,, the total Ramsey decay becomes
r(B;1) (—LQtC) ¢ En (4.32)
F B; ~ ex = .
b p 2 Y k_l Tk’

where 7, = 1/, with k = 1,...,n. The probability density of ~ is invariant under
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this change of variable, i.e.,

Pr(r) = L, T € [T, Tml, (4.33)
wT

which is the same as Pr(v) given in Eq. (4.6), excluding the cutoffs 7,,, = 1/vum
and 7a; = 1/7m,. The probability density Pz({) of the sum ¢ strongly affects the
behavior of Ramsey decay. We sort the summands 7, ..., 7, by their magnitudes,
with the typical ratio of subsequent summands r ~ e'/¢. When d < 1, the ratio
r is large and the largest 7 dominates the sum (. This means that the Ramsey
decay in a sparse bath is dominated by the fluctuator with the smallest -, known
as the exceptional defect. Since the sum ( is dominated by a single summand 7, it
is tempting to presume its probability density resembles that of 7.

On the other hand, when d > 1, the ratio r approaches unity and neighboring
summands become similar. As a result, the probability density of a group of neigh-
boring 7’s approximates a normal distribution, leading to a convolution of normal
distributions for the entire sum. Therefore, a central limit theorem-like analysis is
applicable in this regime.

Similar to Ramsey decay, the echo decay in sparse baths are also dominated by
exceptional defects. We consider again an infinitely narrow distribution of coupling
strengths. We divide the sample bath B into two baths of slow and fast TLFs,
denoted by Bgow and Biast. The TLFs in the slow (fast) bath have rates v smaller
(larger) than the mean coupling ©. For times ¢t > 1/v, the echo decay induced
by a single fast TLF is approximately exp(—2t/27), which has the same form as
Eq. (4.31). The echo decay for times ¢ > 1/v induced by all the fast TLFs reads

o2t G
Fr(Brast; t) ~ eXP(*7 ); (= Zﬂm (4.34)
k=1

where m is the number of fast TLFs. Equation above takes the same form as
Eq. (4.32). Therefore, the echo decay induced by the fast bath B, is dominated
by the TLFs whose rates are closest to the mean coupling v. On the other hand,
the echo decay induced by a single slow TLF asymptotically converges to exp(—~t)
at times ¢ > 1/v. The echo decay induced by all the slow TLFs for times ¢ > 1/v
reads

1
Fy(Bsiow; t) = exp(—T't), = Z Vi (4.35)
k=1

where [ = n — m. Decoherence induced by the slow bath Bgjoy is determined by T,
which is a sum of log-uniformly distributed random variables . In sparse baths,
the sum I' is dominated by the largest -, in the same way that ¢ is dominated by
the smallest . Therefore, the exceptional defects among the slow TLFs are also
those with rates closest to v.

Similar to exceptional defects, strongly coupled defects are a small fraction of de-
fects that dominate the qubit decoherence [34, 37]. However, these defects introduce
pronounced Lorentzian peaks into the noise spectral density [17]. Mathematically,
these defects appear on the tail of a broad distribution, such as Py (v) o< 1/v? [34].
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In our work, we consider a narrow distribution of coupling strengths maintaining
the experimentally observed 1/f spectral density. Additionally, when strongly cou-
pled defects are in resonance with the qubit, they significantly reduce the qubit’s
energy relaxation time 73 through flip-flop processes [54]. The latter can be cir-
cumvented by tuning the qubit frequency away from the strongly coupled TLF. Our
results on exceptional defects suggest that further improvement of coherence times
is achievable even in the absence of strongly coupled defects.

Revivals of Ramsey decay, as predicted by our results, have not been previously
observed in experiments. We showed that these revivals may only occur for a narrow
distribution of coupling strengths, making them rare events. Additionally, confirma-
tion bias may have prevented its detection as it is unlikely to continue recording the
Ramsey signal once it decays to zero. To analyze this effect, we consider an infinitely
narrow distribution of coupling strengths and divide the sample bath B into slow
and fast baths, Bgow and Bt.st. Revivals are induced by the slow bath Bgoy, where
each slow TLF causes an underdamped decay of approximately exp(—~xt) cos(vt).
The Ramsey decay induced by all the slow TLFs reads

l
Fr(Baow; t) ~ exp(~Tt)cos' (0t),  T'= 7, (4.36)
k=1

where [ is the number of slow TLFs. Revivals occur when the oscillations have
similar frequencies due to a narrow distribution of coupling strengths, whereas a
broad distribution or a large number of defects leads to the disappearance of revivals.
This effect is similar to constructive and destructive interference.

4.5. CONCLUDING REMARKS

We studied qubit decoherence by 1/f noise of a sparse bath of TLFs as measured
in the Ramsey and Hahn echo experiments. We showed that decreasing the density
of defects d leads to increased variability of coherence times among qubits. We also
found that in sparse baths, the coherence times are dominated by a few exceptional
defects characterized by their rates. Removing these exceptional defects can sig-
nificantly improve coherence times. Additionally, we observed that for a narrow
distribution of coupling strengths v, the Ramsey decay may exhibit revivals. Our
findings provide new insights into the decoherence of high-quality qubits induced by
1/ f noise and offer potential strategies for improving coherence times in many-qubit
processors.

This study can be pursued in different directions. For example, our model can
be extended to include qubit decoherence under dynamical decoupling pulse se-
quences (see App. 4.A). Our preliminary numerical simulations show that even in
a dense bath, where the Ramsey decay vary slightly, the application of (perfect)
refocusing pulses increases the variability of qubit decoherence (see Ch. 6). These
results will be presented in a separate manuscript. Additionally, it would be useful
to compare the variability of qubit decoherence in sparse baths for different dy-
namical decoupling protocols and investigate whether the qubit decoherence under
dynamical decoupling pulse sequences is also dominated by exceptional defects.
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4.A. DECOHERENCE OF A QUBIT SUBJECT TO CARR-

PURCELL PULSE SEQUENCE

The Ramsey and echo decay of a qubit in sparse TLF baths with 1/f spectral
density were investigated in the main text. An important next step is to study
dephasing of a qubit subject to dynamical decoupling pulse sequences. Here, we
present preliminary simulation results for the Carr-Purcell sequence.

We use the same model described in Sec. 4.2 of the main text. The formulas for
the Ramsey and echo decay are given in Sec. 4.2. The formula for the Carr-Purcell
decay is given by [37]

k
Fop(B; t) = [[ &0, (4.37)
k
where
ekt ~Z cosh(ayt/m) — v?
B - ORI V() | (139)

ozk\/v,% cosh?(agt/m) — v?
with ay = /77 — v and

P+ = Z—k [Sinh(akt/m) + \/coshQ(ozkt/m) —vZ/VE|. (4.39)
k

Here, m denotes the number of echo pulses, v is the TLF switching rate, and vy
denotes the qubit-TLF coupling strength.

We first consider the strong coupling regime (7, < v), where echo pulses en-
hance the dephasing times significantly. Figure 4.11 compares qubit dephasing as
measured in the Ramsey, Hahn echo, and Carr-Purcell experiments. In Fig. 4.11,
each bath sample consists of 10 TLFs and the switching rates of TLFs are log-
uniformly distributed between ,, and va; = 10°7,,. The coupling strengths v, are
normally distributed with mean ¥ = 5 x 10%y,,, and standard deviation oy = 103'ym.
With this choice of parameters we are in the strong coupling regime (v,, < v). The
simulations results presented in Fig. 4.11 demonstrate that while the Ramsey decay
remains relatively constant across sparse bath samples, applying echo pulses leads
to increased variations in qubit decoherence.
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Figure 4.11: Comparison of qubit dephasing as measured in the Ramsey, Hahn echo, and Carr-
Purcell experiment. (a)-(d) Each panel shows qubit decoherence in 50 bath samples with n = 10,
~ar = 10%4,,. The coupling strengths of TLFs are normally distributed with mean © = 5 x 10+,
and deviation oy = 103v,,. (e)-(h) Histograms estimating p.d.f’s of qubit decoherence. Each
panel has a resolution of 103 x 102 pixels, and a vertical column of 10 pixels at a given time ¢
represents a histogram of 10° samples of Fy su/cp(B;t). The number of counts in each pixel is
divided by 100 to estimate the probability density of Fg i /cp(B;t). The estimated p.d.f. values
smaller than 10 are linearly mapped to the color bar, while those greater than or equal to 10 are

mapped to the darkest shade in the color bar.
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Comparing the simulation results of Ramsey and echo decay [Figs. 4.11(a), (b),
(e) and (f)] offers insight into the increased variability in qubit decoherence resulting
from the application of echo pulses. In the Ramsey decay [see Figs. 4.11(a) and (e)],
qubit decoherence is dominated by slow TLFs, with switching rates v; < vg. In
a given bath sample, the contribution of each slow TLF to qubit decoherence is
an underdamped decay of approximately =~ exp(—~xt) cos(vit) [55]. Due to narrow
distribution of coupling strengths, the underdamped decays induced by slow TLFs
exhibit oscillations with frequencies close to v, leading to negligible variations of
qubit decoherence among different bath samples. The echo decay induced by a
slow TLF is approximately ~ exp(—7xt) [55]. The overall contribution of all slow
TLFs to the echo decay is then approximately ~ exp(— ZZ ~it), where | denotes
the number of slow TLFs. The qubit decoherence is therefore influenced by a sum of
log-uniformly distributed random variables ZL Yk, resulting in significant variations
across sparse bath samples [see Figs. 4.11(b) and (f)].

The effectiveness of echo pulses in mitigating qubit dephasing induced by 1/f
noise depends on the value of mean coupling strength v relative to minimum switch-
ing rate 7,,. As discussed in the main text, for a narrow distribution of coupling
strengths, the noise spectral density across different bath samples maintains its 1/ f
scaling with frequency. In our noise model, varying the mean coupling strength v
does not affect the 1/ f scaling of the spectral density with frequency. In Fig. 4.11, we
considered the strong coupling regime (0 >> 7,,, ), where the echo pulses significantly
increase the dephasing times. In this regime, the Ramsey decay varies negligibly
across bath samples, and applying a single echo pulse results in large variations of
coherence times. In contrast, in the weak coupling regime (v < 7,,,), the echo pulses
are less effective in enhancing the dephasing times. In the latter case, the Ramsey
decay is already subject to large variations across bath samples. The contrast in
variability of Ramsey decay in the weak and strong coupling regimes, and effec-
tiveness of a single echo pulse in increasing the coherence times, is illustrated in
Fig. 4.12.

Simulations of qubit decoherence in the weak coupling regime (v < 7,,) and for
the Carr-Purcell sequence are presented in Figs. 4.13(c)-(d). Figures 4.13(a)-(b)
show the Ramsey and echo decay and have been repeatedly presented before. Here,
we include them for understanding the performance of the Carr-Purcell sequence
in the weak coupling regime. In Figs. 4.13(a)-(d), each curve represents the qubit
decoherence in a specific bath sample. Each bath sample consists of 10 TLFs with
switching rates «y log-uniformly distributed between the minimum rate =, and the
maximum rate vy, = 10%7,,. The coupling strengths v are normally distributed
with the mean value v = 0.5 X v, and standard deviation oy = 0.01 X ~,,.

As previously mentioned, the effectiveness of echo pulses in mitigating the qubit
decoherence depends on the value of the mean coupling strength v compared to
the range of TLF rates [Ym, va] [35, 56]. As shown in Figs. 4.13(a)-(c), in the
weak coupling where v < 7,,, the Ramsey and echo decays exhibit similar coherence
times on average, and the Carr-Purcell sequence with 20 7-pulses does not lead
to significant improvements of coherence times. Since v is smaller than -,,, the
coherence fidelities, Fr(B; t), start to decay exponentially at very short times.
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Figure 4.12: Comparison of Ramsey and echo decay in the strong (0 >> vm) versus weak (0 < ym)
coupling regimes. Each curve represents the Ramsey/echo decay in a sample bath consisting of 10
TLFs. The TLF rates in (a)-(d) are log-uniformly distributed between ., and yas = 10%y,,. (a)-
(b) Ramsey and echo decay in the strong coupling regime. The coupling strengths v are normally
distributed with mean 5 x 10%+,, and deviation 103~,,. The Ramsey decays in (a) show minimal
variations across bath samples, while the echo decays in (b) exhibit large variations. (c)-(d) Ramsey
and echo decay in the weak coupling regime. The coupling strengths v are normally distributed
with mean 0.5 X v, and deviation 0.01 X vp,. The Ramsey decays in (c) are already subject to
large variations across bath samples, and applying an echo pulse in (d) does not result in a notable
improvement in coherence times.

This can be likened to motional narrowing effect. Roughly speaking, in the weak
coupling regime, an echo pulse can mitigate the qubit decoherence if applied at the
time interval prior to exponential decay, where the curvature of coherence fidelity
Fr(B; t) is still negative. Since this time interval in the weak coupling regime is
small, more and more echo pulses are needed to mitigate the qubit decoherence.
This effect is illustrated in Fig. 4.12(d), where the Carr-Purcell sequence with 200
m-pulses eventually leads to noticeable increase in the coherence times.
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Figure 4.13: Qubit decoherence in the weak coupling regime for the Ramsey, echo, and Carr-
Purcell sequence. (a)-(d) Each curve represents the qubit decoherence in a specific bath sample
consisting of 10 TLFs with rates v log-uniformly distributed between ~,, and yp; = 10%7,,. The
coupling strengths are normally distributed with mean v = 0.5 X =, and standard deviation
oy = 0.01 X vm. (a)-(b) The coherence times in the Ramsey (a) and echo (b) decay appear to be
similar. (c) The Carr-Purcell sequence with 20 7-pulses does not lead to significant improvements of
coherence times. (d) The Carr-Purcell sequence with 200 7-pulses leads to noticeable improvement
of coherence times.
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Dephasing times and frequency
shifts of heated spin qubits

Semiconductor spin qubits offer the potential for scalable quantum computing by
integrating classical electronics on the same chip as the qubits. To achieve this,
operating spin qubits at temperatures above 1 K is necessary, yet their performance
at higher temperatures remains poorly understood due to most experiments being
conducted below 100 mK. Two observed phenomena in the pursuit of operating
spin qubits at higher temperatures are thermal stabilities of dephasing times and a
temperature-dependent shift in qubit frequency. We investigate whether these two
phenomena can be explained by a phenomenological model of charge noise origi-
nating from a bath of tunneling two-level fluctuators coupled to acoustic phonons.
The theoretical model justifies the qubit frequency shift as the equilibrium state
of the two-level fluctuators shifts the qubit frequency by a constant value. The
model also relates the Ramsey and echo decay times to phonon bath temperature.
However, our numerical simulations reveal that while each effect can be explained
by adjusting the model parameters, our model does not reproduce both phenomena
simultaneously. Our hope is that the present work motivates the development of
experiments to refute or validate this phenomenological model.

Author contributions: Contributed to conceiving and implemented the work. Analyzed the results
with inputs from L. M. K. Vandersypen, V. V. Dobrovitski, and M. Rimbach-Russ.
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5.1. INTRODUCTION

EAL-TIME communication between the classical and quantum realms is essential

for fault-tolerant quantum computing, which involves detecting and correcting
errors in millions of qubits using algorithms running on a classical computer [1].
However, current semiconductor spin qubits are typically operated at temperatures
below 100 mK [2, 3], and room-temperature control electronics interface them to a
classical computer. This creates an interconnect bottleneck in scaling spin qubits due
to limitations in cooling power [4-6]. Operating spin qubits at elevated temperatures
of 1 —4 K potentially allows for the integration of a first layer of classical electronics
next to the qubits thus facilitating the scalability [4].

Recent efforts to raise the operating temperature of quantum dot spin qubits
have yielded promising results [5-10]. However, these experiments have uncovered
intriguing phenomena that require further investigation. Specifically, increasing
the temperature of silicon spin qubits (from a few millikelvin to 0.6 K) has been
shown to cause a shift in their Larmor frequency [11], that may be linked to pulse-
induced resonance shift [12, 13]. Additionally, coherence times of the spin qubits
measured in the Ramsey and Hahn echo experiments have shown little dependence
on temperatures below 1 K [5, 6, 8].

In this chapter, we study the temperature dependencies of the qubit frequency
as well as the Ramsey and echo decay times using a phenomenological model of
charge noise. The microscopic origins of charge noise in quantum dot devices is a
subject of ongoing research [13-19]. Here, we model the charge noise by a bath of
Two-Level Fluctuators (TLFs) which undergo tunneling by emission and absorption
of acoustic phonons. The electric dipole moments of the TLFs couple to the charge,
and therefore orbital state, of the quantum dot electron via the Coulomb interac-
tion. The artificial and/or intrinsic spin-orbit interactions convert the electric fields
to magnetic fields [20]. Therefore, the electric field fluctuations caused by TLFs
translate to random modulations of the qubit Larmor frequency.

Random modulations of the qubit Larmor frequency result in dephasing of the
spin qubits and their mean value shifts the qubit frequency. Since the dynamics
of TLFs depend on the phonon bath temperature, the random modulations of the
qubit frequency is also temperature dependent [21]. The qubit frequency shift can be
explained by the time-averaged states of the TLFs in thermal equilibrium with the
phonon bath. The coherence times of spin qubits are relatively insensitive to tem-
perature in various material stacks used for fabricating quantum dot devices [5, 6, 8].
However, the qubit frequency shift is unique to each device heterostructure and can
be positive, negative, or non-monotonic depending on the device heterostructure
[11, 12, 22]. In this work, we aim to replicate the positive non-monotonic frequency
shift reported in Ref. [11], where the qubit frequency increases with temperature,
reaching a maximum at approximately 200 mK before declining at higher tempera-
tures.

The rest of this chapter is organized as follows. In Sec. 5.2, we introduce the
phenomenological model of the low-frequency charge noise produced by a bath of
TLFs, and present the formulas for the qubit Ramsey and echo decay and the qubit
frequency shift. Section 5.3 presents the numerical simulations of the model. We
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analyze and discuss the simulation results in Sec. 5.4. We conclude the chapter in
Sec. 5.5 by pointing at the implications of our results and suggesting future research
directions.

5.2. MODEL DESCRIPTION
We consider a qubit coupled to a bath of TLFs. The density matrix of the qubit
can be expressed as

L1 N N N
p= 5(1 + myby +myby +m.6.), (5.1)

where 6, 6,, and &, are the Pauli matrices, 1 is the identity matrix, and m, with
a € {x,y, z} are the components of the qubit’s Bloch vector. The qubit is defined
using the basis states |0) and |1), which are the eigenstates of the Pauli matrix &,
with eigenvalues +1 and —1, respectively.

The Hamiltonian of the whole system can be written as

H = Hq + Hg + Hi, (5.2)

where ﬁQ represents the qubit Hamiltonian, Hpg is the Hamiltonian of the TLF
bath coupled to acoustic phonons, and H; describes the interaction between the
qubit and the TLF bath. For simplicity, we set i = 1. The qubit states |0) and |1)
are encoded in the eigenstates of a single electron spin, parallel and anti-parallel to
an external magnetic field B,é,. The qubit Hamiltonian can be expressed as

fq = _%a—z + @ coswot + ¢(t)]6, (5.3)
where the first term represents the spin precession with Larmor frequency wgy around
the quantization axis €,. The second term describes the control pulse sequence in
Ramsey and Hahn echo experiments, where Q(t) denotes the envelope and ¢(t)
specifies the phase of the control pulses. These pulses are resonant with the qubit’s
Larmor frequency wyp, inducing single-qubit rotations, with the rotation angle and
axis determined by (¢) and ¢(t) [23]. The Larmor frequency wy = gup B, includes
the Bohr magneton up, the electron Landé g-factor, and the strength of the external
magnetic field B,.

The qubit bath is described using the standard TLF model, which was initially
developed to explain anomalies observed in glasses at low temperatures [24-33]. In
this model, a TLF refers to a charged particle that can tunnel between two localized
states due to interactions with acoustic phonons. The Hamiltonian that describes
the TLF bath can be expressed as the sum of three terms:

I:IB = ];AITLF + I:Iph + I:Iint- (54)

The first term, represents the bare Hamiltonian of the TLF ensemble in the localized

basis and is given by
n

Fy 1 Az AT
HTLF = 5 Z(Gka + Ak’Tk), (55)
k
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« d—

Figure 5.1: The double-well potential of a tunneling TLF. The localized states of the TLF with
detuning energy e and distance d are depicted by the blue and red curves. The average energy of
the localized states is considered to be zero. The barrier height from the zero of energy is indicated
by V. The tunneling amplitude A = Agexp(—A), where A & (2m,V)'/2d/2 and Ag depend on
the specific details of the double-well potential [24]. Here, m, represents the mass of the tunneling
entity.

where k labels the TLFs and 7% with o € {z,y, 2z} are the Pauli matrices acting in
the subspace of the k-th TLF. The parameters € and Ay are the detuning energy
and tunneling amplitude, respectively. They depend on details of the TLF potential
shown in Fig. 5.1. The second term, given by

Hy, = wyalan, (5.6)
A

describes the phonon bath, which is a collection of harmonic oscillators with angular
frequencies wy. Here, a) and &1 are bosonic annihilation and creation operators.
The third term given by

Hine = Z T ZQA(@,\ +al), (5.7)
k X

represents the interaction between the TLFs and the phonon bath. We assume for
simplicity that all TLFs have the same coupling strength to the phonon mode A,
denoted as g). In reality, the strain fields perturb both the detuning energy e
and tunneling amplitude A, but we ignore the perturbations of Ay since they are
negligible [28].

We further assume that the decoherence and relaxation rates of each TLF is much
larger than its coupling strength to the qubit. Under this condition, the dynamics
of a TLF is not affected by the state of the qubit, and the TLF can be approximated
as random telegraph noise (RTN) [34]. The corresponding dynamics of each TLF is
the energy relaxation, which is best understood in the energy eigenbasis using the
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transformation
A €
=g T
Ey Ey
(5.8)
po_ ko Bho,
R R R T R

with By, = \/es + A2, This allows us to rewrite the bare TLF Hamiltonian as
Hypp = Z Ey 7. (5.9)
k
The transformed interaction Hamiltonian reads
f{int = Z
k

where we have neglected the term proportional to 77 due to vanishing coupling of
the TLFs to off-resonant phonons [34, 35].

This study focuses on the TLFs present in dielectrics. At temperatures below
1 K, energy relaxation of TLFs is mainly determined by one-phonon processes [27].
By using Fermi’s golden rule, we can compute the excitation and relaxation rates,
also known as switching rates, of a TLF through one-phonon processes. The exci-
tation rate is given by

P>

: 70> gala +ab), (5.10)
A

Sl

A\ 2
Ve = J(Ek) <Ek) ns (L), (5.11)
k
while the relaxation rate is given by
Ar\?
V= J(ER) (Ek> [ns(Ey) + 1]. (5.12)

Here, the Bose factor ng(w) = [exp(fw) — 1]71, where 8 = 1/kgT is the inverse
temperature, and J(w) = Y., g56(w — wy) is the spectral function of the phonon
bath. Considering the coupling of the TLFs to acoustic phonons, we assume a cubic
spectral function J(w) = 2.Jy w? [30].

The average switching rate, given by

At
R (5.13)
= Jy A? Ej, coth(BE}/2),

determines how fast the TLF undergoes tunneling between the excited and ground
state. For simplicity, we set the Boltzman constant kg = 1. As shown in Fig. 5.2,
for temperatures T' < Fj, the average switching rate remains a small constant and
the TLF almost freezes in the ground state. For temperatures T" > Ej, the TLF
excitation and relaxation rates become equal, and the average switching rate grows
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linearly with temperature. It is worth noting that for large temperatures, higher
excited states of the double-well potential become populated, and the TLF picture
breaks down.

The TLFs couple to the spin qubit via the Coulomb interaction [36, 37]. More
specifically, the electric dipole moments of the TLFs couple to the charge, and thus
orbital states, of the quantum dot electron. The electron’s orbital state, in turn,
couples to the electron spin via the micromagnet’s gradient field. The gradient field
is needed to implement single-qubit gates in silicon via electric-dipole spin resonance
as well as the frequency selectivity of qubits. This mechanism can be thought of
as synthetic spin-orbit coupling [20, 38, 39]. In summary, changes in the TLF state
effectively alter the magnetic field sensed by the electron spin. Charge noise in
general contributes to both energy relaxation (71) and dephasing (75 and T5) of
the spin qubits [20]. However, due to the energy mismatch between the TLFs and the
qubit, it is assumed that the TLFs only contribute to qubit dephasing. Therefore,
we describe the interaction between the qubit and the TLF bath using the simplified
Hamiltonian

n
Hy=6.) wi. (5.14)
k

Here, the coupling strengths between the TLFs and the qubit are represented by the
values vi. We assume that the coupling strengths vy are distributed independently
and identically according to a normal probability density function given by

1 1Lv—V,
Py (v) = Ovmexp [—Q(W) ] , (5.15)

where V and oy represent the mean and standard deviation of the random variable
V. In a given bath, the coupling strengths vy are samples of V.

We now simplify the system Hamiltonian by approximating the TLFs as RTN
signals. In the frame rotating with Larmor frequency wg, and within the rotating
wave approximation, the dynamics of a qubit in a bath of TLFs can be described
by the Hamiltonian

Q)

wq(t) 62+ =y [cos 6(1)3 +sin 6()5,). (5.16)

2

Hrwa =

Here,

wolt) = 3 wlt), (5.17)
k

describes random modulations of the qubit frequency induced by RTN signals. An
RTN signal is denoted by v (t) = vk (t), where vy, is the coupling constant and & (t)
is a two-state Markov process. Each two-state process randomly switches between
the state +1 and —1, which are mappings of the excited and ground state of a TLF.
The two-state process switches between these states with excitation and relaxation
rates, *y,I and y,i, as given in Eqgs. (5.11) and (5.12).
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We assume that the RTNs are stationary random processes. The autocorrelation
function of each RTN can be written as

v2 ekt 5
(v () (0)) = m + (V)% (5.18)
where
(vk) = —v tanh(BE)/2), (5.19)

is the mean value of the RTN. The angular brackets (---) indicate averaging over
different realizations of the RTN. A detailed derivation of this formula can be found
in App. 5.A. It is important to note that even for t — oo, the autocorrelation
function has a non-vanishing component proportional to (v4)?. This nonzero mean
value results in a shift of the qubit Larmor frequency given by

dwy = (wa(t))

= ivk tanh(BEy/2). (5:20)
k
The RTN variance can be readily obtained from Eq. (5.18) as
2 2 vi
W) —(w)” = m- (5.21)

As shown in Fig. 5.2, at low temperatures when SE; — oo the RTN variance decays
exponentially as ~ exp(—SEy), and the contribution of the RTN to the total noise
becomes negligible.

The spectral density of each RTN is defined as [40]

5@ = 2 [ at 6o — (6] e
U,% " 1 (5.22)

~ cosh®(BE/2) T ' V2 +w?’

The value of Si(w) remains almost constant for w < -y, while it scales with fre-
quency as Sk(w) ~ 1/w? for w > 7%. The total noise spectral density, given by

n

Sw) =" Si(w), (5.23)

k

depends on the distribution of the detuning energy €, and tunneling amplitude Ay, of
the TLFs. The conventional TLF model assumes a uniform distribution of detuning
energy € and a log-uniform distribution of tunneling amplitude Ay [24, 25]. This
results in a log-uniform distribution of the average switching rate v, and therefore,
the noise spectral density takes the form S(w) ~ 1/w [41]. However, it is unclear
whether the distribution of TLF parameters in quantum dot devices is the same as
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Figure 5.2: Temperature dependence of the average switching rate v (solid blue) and variance
() — ()2 (solid red) of a single TLF as described by Egs. (5.13) and (5.21), respectively. The
TLF parameters are E = 1 K, A = 0157, Jo =152 and v = 1s"'. As T/E — 0, the
TLF freezes in the ground state and the average rate converges to the constant value JoA2E. In
this limit, the variance decays as ~ exp(—E/T) (dotted red). As T/E — oo, the excitation and
relaxation rates of the TLF become equal. The average rate then scales linearly with temperature,
i.e., v ~ T (dotted blue). This average rate is half the TLF-phonon spontaneous emission rate.

that in bulk dielectrics. In this study, we consider different distributions of detuning
energy €, while maintaining the log-uniform distribution of tunneling amplitudes
Ay, to replicate the experimentally observed 1/w spectral density [42, 43].

Using the simplified system Hamiltonian given in Eq. (5.16), we now present the
formulas for the qubit Ramsey and echo decay. We assume the control pulses are
ideal and instantaneous [44]. In the Ramsey experiment, the qubit is initialized in
the state (|0) + [1))/v/2, and is measured in the z-basis after a variable delay time
t. The implementation of the echo experiment is identical, except for a 7 rotation
around the z axis at time ¢/2. The qubit Ramsey decay can be written as

Fr(t) = <exp[i/0 ds wq(s)]). (5.24)

The 7 rotation in the echo experiment effectively changes the sign of the noise wq(¢)
and can be written as

t

t/2
FHu)=<emﬂ5A dst(g-i/LstwQ@ﬂ>. (5.25)

Since the RTNs are independent, the Ramsey/echo decay can be written as
k
Fryu() = [ fim(®): (5.26)
k

where f, (k)

R/H(t) is the Ramsey/echo decay induced by the k’th RTN.
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The Ramsey and echo decay induced by a single RTN can be calculated by
combining the rate equations of the RTN with the Bloch equations of the qubit for
constant RTN states (for details, see Ch. 2). The Ramsey decay induced by a single
RTN reads [45]

fr(t) = exp(—T) |cosh(At) + %sinh(At) ) (5.27)

where I' = v — ivdy/2y, A = (2 — ivdy — v?)2, and &y = 7, — 4. The echo decay
by a single RTN can be written as

fu(t) =e "[cosh(At/2) cosh(A*t/2)

’U2 +’YQ

A*A
r
+ 1 sinh(At/2) cosh(A*t/2)

+

sinh(At/2) sinh(A*t/2)
(5.28)

*

+ % sinh(A*t/2) cosh(At/2)].

Here, we dropped the index k labeling the RTN for clarity. The Ramsey and echo
decay times, T and T3, are defined via

Fr(B;Ty) = 1/e, (5.29)

and
Fu(B; TaY) = 1/e. (5.30)

The model developed in this section generalizes the framework from Ch. 4, in-
corporating both the effects of the phonon bath temperature and the microscopic
properties of TLFs. In general, the detuning energy of the TLF, ¢, is not necessary
zero, nor is it guaranteed that the temperature, T, is significantly larger than the
TLF energy, E. Therefore, the TLF cannot always be approximated by a symmetric
RTN signal. However, at high temperatures, where T'/E > 1, the difference between
the relaxation and excitation rates §y approaches 0. In this limit, Egs. (5.27) and
(5.28) simplify to the Ramsey and echo decay induced by symmetric RTN, as de-
scribed in Ch. 4 and in Refs. [45-48].

The simplified system Hamiltonian in this chapter [Eq. (5.16)] closely resembles
the system Hamiltonian from Ch. 4 [Eq. (4.3)], and the Ramsey and echo decay cal-
culations follow similar methods (see Ch. 2). However, by expressing the excitation
and relaxation rates of the asymmetric RTN, 4 and |, in terms of the tunneling
amplitude A, detuning energy €, and phonon bath temperature 7', a more accurate
description of the TLF behavior in different regimes is achieved. This model, in
particular, enables the study of the regime where a TLF is frozen in its ground
state at temperatures T' < F, and the transition to the regime where the TLF rates
saturate to a constant common value for temperatures T' >> E (see Fig. 5.2).

Analyzing qubit decoherence induced by an ensemble of TLFs is highly com-
plex, as the excitation and relaxation rates depend on distributions of tunneling
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amplitudes A and detuning energies €, neither of which are predetermined in the
experimental setup described in Ref. [11]. Due to the likely finite dispersion of TLF
energies, TLFs exhibit a range of dynamics at any given temperature, from inactive
to saturated, making it challenging to approximate the qubit decoherence caused
by the entire ensemble, given in Eq. (5.26). In the following section, we employ a
numerical approach to explore various distributions of these parameters, aiming to
reproduce both the qubit frequency shift with temperature reported in Ref. [11] and
the minimal temperature dependence of Ramsey and echo decay times, Ty and Ta!,
observed in experiments.

5.3. NUMERICAL SIMULATIONS

This section presents the results from the numerical simulations. We aim to de-
termine whether the model outlined in the previous section can replicate both a
frequency shift similar to experimental observations and Ramsey and echo decay
times that are not affected by temperature. We explore two cases: (i) a TLF bath
tailored to replicate temperature-insensitive Ramsey and echo decay times, and (%)
a TLF bath tailored to match the observed frequency shift in experiments.

Figure 5.3 shows the numerical simulation results for case (7). We consider a nor-
mal distribution of TLF detuning energies with a mean value (1 mK) that is much
smaller than the lowest temperature in our simulations (0.1 K). This choice of detun-
ing energies guarantees that the TLFs are already saturated at 0.1 K (see Fig. 5.2),
and their variance, (v2) — ()2, only negligibly increases at higher temperatures. We
consider log-uniformly distributed tunneling amplitudes giving rise to a 1/f noise
spectral density. We observe in Fig. 5.3(a) that increasing the temperature mainly
leads to increased lower and higher frequency cutoffs. The temperature dependence
of the Ramsey and echo decay times, shown in Figs. 5.3(b) and (c), is comparable
to the experimental observations [for Ramsey decay times, see Fig. 5.6(b)].

The temperature dependence of the qubit frequency shift, based on the bath
parameters from Fig. 5.3, is shown in Fig. 5.4. Figure 5.4 presents the qubit fre-
quency shift for coupling strengths that are either (a) all positive or (b) equally
likely to be positive or negative. The sign of the coupling strength v is determined
by the spatial configuration of the electric dipole moments of the TLFs and the
Larmor frequency shift they induce depending on deformations of the orbital state
of the dot electron within an inhomogeneous magnetic field. For example, for a TLF
with a coupling strength of magnitude |v|, if the TLF in its ground state induces a
positive (or negative) frequency shift, the coupling strength v is considered positive
(or negative). Some of the curves in Fig. 5.4(b) have a non-monotonic temperature
dependence, and the qubit frequency shift can be negative. In both cases, the fre-
quency shifts are approximately an order of magnitude smaller than experimental
observations (see Fig. 3.2). Choosing larger values for the coupling strengths results
in a more accurate quantitative agreement between the simulation and the exper-
imental results. However, this approach would also lead to lower T3 values than
those observed experimentally.

The noise spectral density and the Ramsey and echo decay times corresponding
to case (4i) are shown in Fig. 5.5. The bath is now modeled by two types of TLFs,
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Figure 5.3: Spectral density, Ramsey decay time, T, and echo decay time, TQH, for various
bath samples at ten different temperatures linearly spaced between 0.1 K and 1 K. Each bath
sample consists of 40 TLFs with log-uniformly distributed tunneling amplitudes A between A,, =
1075 s~ and Ajp; = 10 s~!, normally distributed detuning energies € with mean 103 K and
deviation 10~* K, and normally distributed coupling strengths v with mean 8 x 10* s~! and
deviation 10% s—1. The constant Jy = 2 x 10° s2. (a) Spectral densities of individual bath samples,
each at a specific temperature. The spectra scale with frequency as 1/w between the lower and
higher cutoffs. (b) Ramsey decay time data points for 100 bath samples at each temperature. (c)
Echo decay time data points for each bath sample. Horizontal jitters in (b) and (c) emulate the
distribution of coherence times T3 and 711

namely an A and B bath of TLFs. The TLFs from bath A are positively coupled to
the qubit, while the TLFs from bath B are negatively coupled. Positive or negative
signs of the coupling strengths do not affect the spectral density, the Ramsey, and
the echo decay [see Eqs. (5.22), (5.27), and (5.28)]. However, the different signs give
rise to a non-monotonic qubit frequency shift shown in Fig. 5.6 [see Eq. (5.20)].
We randomly sample TLFs from bath A or bath B, with probabilities P4 = 60%
and Pg = 1— P4 = 40%. The detuning energies of A TLFs are normally distributed
with mean 0.1 K and deviation 0.05 K. The tunneling amplitudes of A TLFs are
log-uniformly distributed between 0.05 K and 0.15 K. The detuning energies of B
TLFs are normally distributed with mean 0.5 K and deviation 0.05 K. The tunneling
amplitudes of B TLFs are log-uniformly distributed between 0.45 K and 0.55 K. This
choice of tunneling amplitudes and detuning energies results in energies E of TLFs
from the A and B baths approximately concentrated around 0.1 K and 0.5 K. This
results in a positive shift of the qubit frequency with temperature up to ~ 0.5 K and
its decline beyond this point (see Fig. 5.6). The simulated frequency shifts shown in
Fig. 5.6 exhibit some agreement with the experimental data presented in Fig. 3.2.
However, the simulated Ramsey and echo decay times, Tj and T4, show a significant
decrease with increasing temperature, which is not observed in the experiments.

5.4. DISCUSSION

According to experimental observations the Larmor frequency of semiconductor spin
qubits increases as the temperature rises [11], while the coherence times remain
approximately unaffected by temperature variations [5, 6, 8, 11]. Our goal was
to investigate whether a phenomenological model of tunneling two-level fluctuators




80 5. DEPHASING TIMES AND FREQUENCY SHIFTS OF HEATED SPIN QUBITS

5 a 5 b
4 X10 (a) L x10 (b)
§3 e ;f 0.5
~— / = ~— i \ E——
k92 / -l
[\ N IS
= S
31 3-0.5
‘Positive/negativev \
0 -1
0 0.5 1 0 0.5 1
T (K) T (K)

Figure 5.4: Monotonic and non-monotonic qubit frequency shift corresponding to various bath
samples. The bath samples are the same as those in Fig. 5.3, consisting of 40 TLFs with log-
uniformly distributed tunneling amplitudes A between A,, = 107% s~! and Ay = 10 s~ 1,
normally distributed detuning energies ¢ with mean 10~3 K and deviation 10~* K, and normally
distributed coupling strengths v with mean 8 x 10 s~! and deviation 10* s~!. (a) Monotonic
qubit frequency shift for positive values of the coupling constants v. (b) Non-monotonic qubit
frequency shift for positive and negative values of v. The probability of sampling a positive v is
50 %. The qubit frequency shift in (a) and (b) is calculated using Eq. (5.20).
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Figure 5.5: Spectral density, Ramsey and echo decay times, T3 and TQH, for various bath samples
consisting of two sub-baths, referred to as A and B baths in the main text. The energies of the
TLFs in the A and B baths are peaked around 0.1 K and 0.5 K. (a) Spectral density of sample
TLF baths at different temperatures, showing a broadened Lorentzian peak at around = 1 kHz for
the A TLFs and a second peak at around ~ 100 kHz for the B TLFs. (b) and (c¢) Ramsey and echo
decay times for various bath samples at different temperatures, with each data point indicating the
coherence time, T} or TQH, corresponding to a specific bath sample. The jitters in the horizontal
direction in (b) and (c) are artificially introduced to emulate the distribution of coherence times.

coupled to acoustic phonons could explain these effects. The theoretical model can
potentially account for the shift in the qubit Larmor frequency with temperature
by considering the time-averaged states of the TLFs in thermal equilibrium with
the phonon bath. Additionally, the model links the temperature dependence of the
Ramsey and echo decay times to the dynamics of TLFs, which rely on the phonon
bath temperature.

We performed numerical simulations to evaluate how well the model could repli-
cate the experimental observations. We explored two different scenarios. In the



5.4. DISCUSSION 81

(a) _(®)

g0.4

£ —+- Q1 Q4
—+- Q2 4+ Q5

—4— Q3 Q6

0 0.5 1 0 100 200 300 400 500 600

MXC temperature (mK)
T (K)

‘Positive /negative v

Figure 5.6: (a) Qubit frequency shift due to a TLF bath consisting of two sub-baths A and B,
where the A TLFs are positively coupled and the B TLFs are negatively coupled to the qubit.
The coupling strengths v are normally distributed with mean 5 x 10° s—1 and deviation 10° s—1,
with a 60% probability of sampling an A TLF. The detuning energies of A TLFs are normally
distributed with mean 0.1 s~! and deviation 0.05 s~!, while the tunneling amplitudes of B TLFs
are log-uniformly distributed between 0.05 s~! and 0.15 s~1. The detuning energies of B TLFs are
normally distributed with mean 0.5 s—! and deviation 0.05 s~1, while the tunneling amplitudes of
B TLFs are log-uniformly distributed between 0.45 s~ and 0.55 s~'. The energies of A and B
TLFs peak around 0.1 K and 0.5 K. The constant Jo = 2 x 10% s. (b) Experimentally measured
frequency shift of the spin qubits. This panel is taken from Ref. [11].

first case, we adjusted the model parameters to reproduce temperature-insensitive
coherence times, but the frequency shift predicted by the model was an order of
magnitude smaller than what was observed in experiments. In the second case,
we modified the bath parameters to obtain a qubit frequency shift similar to what
was observed in experiments, but this resulted in a decline in coherence times with
temperature, which was not observed in experiments.

A comparable phenomenological model was recently proposed in Ref. [13]. Refer-
ence [13] also attributes the frequency shift to the equilibrium electric field resulting
from the electric dipoles of TLFSs, which linearly couples to the qubit, similar to our
model. However, this model takes into account the spatial distribution of the elec-
tric dipoles and their internal interactions. In our simplified model, we considered a
normal distribution of coupling strengths and the precise distribution of these cou-
plings is determined by the spatial distribution of the electric dipoles. Unlike our
work, Ref. [13] does not study the frequency shift and the coherence times simulta-
neously. It should be noted that neither model takes into account other potential
sources of noise or structural deformations of the device caused by heating. It is
possible that the observed frequency shift may be due to structural deformations,
and that the measured Ty and Ti! values are not primarily shortened by intrinsic
noise, but rather by extrinsic noise injected by the instrumentation.
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5.5. CONCLUSION AND OUTLOOK

We studied the dephasing times and frequency shifts of heated semiconductor spin
qubits by utilizing a phenomenological model of charge noise. Our model consid-
ered the charge noise arising from switching electric dipoles of an aggregate of TLFs
coupled to acoustic phonons. Through numerical simulations, we aimed to repli-
cate the experimentally observed qubit frequency shift with temperature, as well as
temperature-insensitive Ramsey and echo decay times. Our results revealed that the
model parameters could be adjusted to replicate each of these effects individually,
but not simultaneously.

While an extensive exploration of the model’s parameter space may reproduce
observed effects, the intricate design of spin qubit devices requires consideration
of other temperature-dependent mechanisms. One promising research direction is
the study of multiple phonon baths at different temperatures to examine the ther-
modynamics of heat flow and transient pulse-induced resonance shifts. Finally,
understanding all temperature-dependent sources of noise, including noise of the
metallic gates, could narrow the research scope and aid in comprehending the qubit
frequency shift and the stability with temperature of the coherence times.

5.A. AUTOCORRELATION FUNCTION

In this Section, we calculate the autocorrelation function of the noise v(t) = v £(t).
We begin with the rate equations for the single RTN £(¢). The probabilities of the
RTN to be in the state +1 or —1 at time ¢, are denoted by P.(t) and P,(t). The
rate equations may be written as

P(t) = MP(t), (5.31)
where
_™ M
= ) -

and P(t) = [P.(t), P,(t)]T. The excitation and relaxation rates, v+ and 7, are
given in Egs. (5.11) and (5.12). Equation 5.31 can be solved by exponentiation. It
follows

P(t) = ¢™P(0). (5.33)
We write
P, P
eM = { cle 69] : (5.34)
Pyle  Pylg

The autocorrelation function can be written as
W(0)r(t)) = v*[Pe(00) Peje(t) — Pe(00) Pujy(t) — Py(00) Pyie(t) + Py(o0) Py ()]
v2 eIt )

)

= (37 T (5.35)

where (v) = —vtanh(8E/2). Here, P.(c0) and Py(co) are the probabilities for the
random process £(t) to be in the excited or the ground state on average.
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Conclusion and Outlook

The primary goal of this thesis was to gain new insights into the dynamics of spin
qubits in their actual environment. To achieve this, we relied on theoretical models
as our main tools. The development of these models were primarily stimulated by
experimental findings. In this section, we will discuss the findings of our research
from a broad perspective and suggest potential areas for future investigation.

Excluding the introductory Chapters 1 and 2, the following are the conclusions
for each thesis chapter:

e Chapter 3 presents experimental findings on the nonlinear scaling of the spin
qubit’s Rabi frequency with the amplitude of the microwave drive that is
in resonance with the qubit Larmor frequency. The chapter also reports on a
novel crosstalk mechanism, where the Rabi frequency of a spin qubit changes as
the drive of an adjacent qubit is turned on. In this chapter, a phenomenological
model is proposed to describe both the nonlinear response and the crosstalk.
This model merely relates the electrical driving to the observed effects, and
the microscopic origins of the effects remain elusive.

e Chapter 4 explores the qubit dephasing, as measured in the Ramsey and Hahn
echo experiments, in a sparse bath of TLFs with 1/f spectral density. The
chapter demonstrates that the bath density, defined as the ratio of the num-
ber of TLFs over the logarithmic width of the distribution of TLF switching
rates, is a crucial parameter in determining the variability of the qubit de-
phasing. It is observed that in sparse baths, where the bath density is small,
the qubit dephasing experiences considerable variations from sample to sam-
ple. Furthermore, the chapter reveals that in certain parameter regimes, the
qubit decoherence is dominated by a few TLFs, referred to as exceptional
defects. Eliminating these TLFs results in a substantial improvement in co-
herence times. Moreover, when the distribution of TLF coupling strengths is
narrowly concentrated around a value significantly greater than the minimum
TLF switching rate, the Ramsey decay in sparse baths exhibits revivals.
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o Chapter 5 focuses on the theoretical exploration of the temperature-dependent
frequency shift of spin qubits. This work was motivated by the experimental
observation of the qubit frequency shift with temperature, reported in Ref. [1].
We employed a phenomenological model that considers charge noise originat-
ing from a bath of TLFs in equilibrium with acoustic phonons. The model
also establishes a relationship between the phonon bath temperature and the
Ramsey and echo decay times, which serves as a self-consistency test for ex-
plaining the frequency shift, as these coherence times are largely insensitive
to temperature. Through numerical simulations, we found that it is possible
to explain either the frequency shift or the temperature-insensitive coherence
times by adjusting the model parameters, but not both simultaneously.

The experimental results outlined in Chapter 3 underscore the need for additional
research into the spin qubit’s environment. The phenomenological model presented
in this chapter relates the microwave drivings with the observed qubit dynamics,
without offering a deeper understanding of the underlying physical mechanisms.
Essentially, this model serves as a transfer function that establishes a nonlinear re-
lationship between the input and output microwave driving(s). Exploring an “open
quantum system” perspective could provide further insight into the underlying phys-
ical mechanisms behind the observed phenomena. For example, one could examine
the interaction of spin qubits with a TLF bath and microwave fields that couple
to the electric dipole moments of the TLFs. By activating the microwave field, the
TLFs could be driven out of equilibrium, potentially leading to a renormalization of
the qubit’s Larmor frequency. However, this is a simplified scenario, and a compre-
hensive understanding of such a complex system would require detailed quantitative
investigations.

The scaling of the qubit Rabi frequency with the microwave drive amplitude
closely resembles the scaling of the qubit Larmor frequency with the energy de-
livered to the system via microwave (pre-)pulses [1, 2]. This similarity tentatively
suggests that there might be a common physical origin for both effects. Additionally,
assuming that TLF defects are present in the spin qubit devices but do not result
in the qubit frequency shift with temperature or the nonlinear response of the Rabi
frequency with microwave driving, these defects may still play a secondary role in
the documented phenomena by transforming electromagnetic radiation to heat. In
this case, the mechanical deformation of the heterostructure might be the immediate
cause of the frequency shift or nonlinear response. Therefore, it is crucial to explore
all possible causes of these effects to develop a comprehensive understanding of the
spin qubit’s environment.

In Chapter 4, the assumption is made that the properties of TLFs remain con-
stant over time. However, it has been observed that the energy relaxation times of
superconducting qubits, which are also affected by TLF-like defects, exhibit fluc-
tuations over time [3]. Therefore, it is reasonable to hypothesize that if the spin
qubits are coupled to similar types of defects, then their dephasing times may also
fluctuate over time. This presents an opportunity for future research to investigate
the dephasing of spin qubits caused by 1/f noise from a sparse bath of TLFs whose
properties change over time. The switching rates of individual TLFSs in an annealed
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Figure 6.1: Numerical simulations of qubit decoherence in Ramsey and Carr-Purcell experiments
for dense TLF baths (d =~ 8.68). (a)-(c) Each panel shows qubit decoherence in 50 bath samples.
(d)-(f) Estimated probability density of qubit decoherence. Each panel has a resolution of 103 x 103
pixels, and a vertical column of 103 pixels at a specific value of v,,t represents a histogram of 104
samples of Fg(B;t) or Fop(B;t). The number of counts in each pixel is divided by 10 to estimate
the probability density. The estimated p.d.f. values smaller than 10 are linearly mapped to the
color bar, while those greater than 10 are mapped to the darkest shade in the color bar.

bath will take multiple values. It is tempting to presume that in such a bath, the
dephasing times of spin qubits may exhibit less sample-to-sample variation. In fact,
randomization of TLF energies has been proposed as a technique to decrease the
variability of relaxation times in superconducting qubits [4]. This suggests that fu-
ture research could explore the impact of bath engineering on the dephasing times
of spin qubits.

Numerical simulations investigating qubit decoherence in a bath of TLFs have
yielded surprising results, some of which are discussed in Ch. 4. Here, we present
another unexpected effect that warrants further investigation (for a description of
the model system, refer to Ch. 4). We consider 100 symmetric TLFs with switching
rates distributed between ~,, and 5 = 1007v,,. This parameter selection leads
to a relatively dense bath with d ~ 8.68. The coupling strengths of TLFs are
normally distributed with a mean v = 10y, and a deviation oy = 103y,,. The
simulation results for the qubit decoherence in Ramsey and Carr-Purcell experiments
is shown in Fig. 6.1. Specifically, Figures 6.1(a) and (d) illustrate that the Ramsey
decay remains relatively constant across different bath samples. However, Figures
6.1(b), (c), (e), and (f) show that the application of echo pulses in the Carr-Purcell
experiments results in variability of qubit decoherence.

In Chapter 5, we made the assumption that the TLFs couple to a phonon bath
that is in thermal equilibrium. However, it is known that the heat introduced by
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microwave pulses dissipates to colder reservoirs [1]. To improve upon our model,
it would be useful to consider the heat flow between multiple phonon baths. The
model presented in Chapter 5 can already be criticized for having too many free
parameters, and considering multiple phonon baths adds another layer of complex-
ity and additional free parameters. Therefore, it is also crucial to experimentally
characterize the TLFs in the spin qubits’ environment [5].

To gain a better understanding of the impact of charge noise on spin qubit
decoherence, it is important to investigate the effect of echo pulse sequences. The
application of microwave pulses alters the frequencies of spin qubits. This effect
can lead to decreased fidelity of single-qubit gates utilized for dynamical decoupling
of the qubit from its environment. Consequently, it is imperative to develop new
models that consider the imperfections of pulses and non-equilibrium dynamics of
the bath induced by the echo pulses themselves, which are intended to enhance
coherence times. These models will aid in investigating the efficacy of echo pulse
sequences in increasing coherence times while accounting for the adverse effects of
pulse imperfections and non-equilibrium qubit environments.
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