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Abstract

Nitrogen-vacancy (NV) centers in diamond are excellent model quantum systems, due to
a combination of long coherence times, high-fidelity control, and inherent stability. Their
atomic scale, solid-state environment, and intrinsic spin-photon interface make them well-
suited for a range of quantum communication and quantum sensing applications. The success
of these applications depends on developing an array of techniques to initialize, manipulate,
and measure the NV center’s quantum state through optical control fields. To that end, this
dissertation demonstrates a set of novel techniques for NV center qubit control and sensing
which leverage optical interactions. The first class of protocols executes fast, high-fidelity
ground state spin operations using an intermediate excited state. By shaping optical con-
trol pulses on nanosecond timescales, accelerated adiabatic state transfers and nonadiabatic
holonomic single-qubit gates are performed. These techniques are designed to combine er-
ror resistance with short duration in pursuit of fault-tolerant qubit operations. In addition,
optical control is integrated with established ac magnetometry protocols to enable detection
of photocurrents in monolayer molybdenum disulfide. Synchronizing pulsed photoexcitation
with spin-echo-based sensing sequences for a near-surface ensemble of NV centers creates a
sensitive, local detector of photocurrent density. This capability is used to spatially and tem-
porally map a micron-scale photocurrent vortex. These demonstrations expand the range of
optical control methods for single NV centers and provide new methods for probing current

distributions in 2D materials and thin films.
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Chapter 1

Introduction

1.1 The Quantum Frontier

Quantum information science and engineering (QISE) has come a long way from its theoret-
ical origins to its current state as a field with a growing set of applications, technologies, and
initialisms. Its inspiration is often attributed to Richard Feynman, who in the early 1980s
envisioned the ability to simulate an interesting quantum system with not just classical dig-
ital computers, but other, well-controlled quantum systems [4]. In the wake of the initial
conception, theoretical work on what might be possible with such a “quantum computer”
proceeded apace, while experimental scientists endeavored to achieve the requisite level of
control of light and matter to engineer the corresponding hardware platforms. Today, it is
possible to look backward and marvel at the recent advances in QISE which would hardly
have been imaginable forty years ago. An undergraduate student in physics can now assem-
ble fully controllable quantum systems in the laboratory which would have been the envy of
every physicist of Feynman’s time. Major corporations, venture capitalists, and government
R&D arms are buying into the prospects of transformative technological advances and racing
to build the biggest and most capable quantum devices. At the same time, it is easy for a

skeptic to poke holes in the ever-expanding hype balloon. Few near-term practical applica-



tions of truly quantum technologies seem possible, let alone worthwhile, despite the decades
of development and investment. Large obstacles still exist to scaling up the proof-of-principle
demonstrations, and it will be necessary to scale many orders of magnitude before quantum
computers are expected to start churning out useful calculations. QISE therefore seems to
be at an inflection point, where the coming years might hold breakthroughs, snowballing
investment, and the transition to an established industry, or instead a desert of useful ap-
plications, investor fatigue, and QISE’s relegation to a fringe pursuit. As the field slowly
charts its course, the potential utility of a functional quantum computer and the continual
march of progress have made it an exciting place for academic research.

To contextualize the recent advances in QISE, it will be useful to review the basic ques-

tions of the field. In short:

e What is a quantum computer, and how is it different from a classical computer?

Why is it so hard to build a quantum computer?

Why are quantum computers exciting?

Are there other important technologies in QISE?

1.1.1 What is a quantum computer?

As implied by the similarity between the phrases “classical computing” and “quantum com-
puting,” quantum computers are often easier to understand in relation to the design and
capabilities of the computers we use every day. Several key aspects of classical computers and
information theory have direct analogues in quantum computer design, and in an abstract
sense the purpose of a quantum computer is much the same: to take in digital or digitized
information, perform some calculations on it, and output digital answers that humans can
make use of. The impetus to build a quantum computer is founded on the strong belief that

quantum computers are “better” than classical computers at this information-processing



goal, and a comparison of the two will make it clearer where classical and quantum devices
diverge, and where they still overlap.

The fundamental unit of modern information processing is the bit. Conceptually, a bit
is anything that can take on two different states to represent values in a calculation, usually
labeled 0 and 1 for simplicity. Historically, bits have taken on many different forms. Early
computers used holes punched into paper cards as bits, as each location on the card could
have a hole or not, indicating a 0 or 1. The intervening years have seen a continuous effort
to design bit systems which are smaller, faster, and easier to rewrite than the punch card,
with remarkable success. Modern bits come in many types, including the common magnetic
memory and flash memory types. In magnetic memory, a grid of bit locations is defined on
a magnetic disc, and a small magnetic read/write head travels around the disc as it spins,
like a vinyl record player. At each bit location the disc’s magnetism can be up or down, and
the read/write head can tell the difference, using the local magnetic orientation to represent
0 and 1. In flash memory, an array of microscopic electrical circuits is patterned on the
surface of a semiconductor material, usually silicon. Each of these tiny circuits is a bit, since
each one is accompanied by an electrical “gate” which can either allow or prevent electrical
current from flowing through the circuit. Just like with other types of bits, these two states
are the 0 and 1 which form the basic element of computing. The drastic design differences
between the different varieties of bits show that there is no natural or preferred way to build
a computer. The choice of what kinds of bits to use depends on many factors, including how
many bits can be put on a device, how quickly the bits can be read and written to, and how
much wear and tear the device must handle. These key metrics, in turn, are the end result
of carefully choosing the component materials, optimizing the device layout, and perfecting
fabrication techniques. These considerations are equally relevant for quantum bits, and their
development is following a similar path.

Quantum bits, or “qubits,” are the building blocks of quantum computers in the same

way bits are for classical computers. And much like bits, qubits are usually designed with



two states, |0) and |1), with the | ) notation indicating that these are quantum states. Now,
what distinguishes qubits from bits is their ability to be placed in superposition, such as in

this example, where the qubit |¢)) is a superposition of |0) and |1):

[¥) = a|0) + 5[1).

The superposition property bestows quite a few strange behaviors on a qubit. The relation
above indicates that the qubit’s value is not either 0 or 1 alone, but partly 0 and partly 1.
a and [ are called the amplitudes of |0) and |1), respectively, and represent how much of |0)
and |1) are in |¢). If the qubit is examined (in other words, a measurement is performed on
it), it will be found either in |0) or |1). Exactly which state it will end up in is a matter of
chance and can’t be predicted; if the state |1) is created and then measured many times, it
will sometimes be |0) and sometimes |1), and only the probability of finding |0) or |1) can
ever be calculated. However, the |0) and |1) basis states are special — a qubit in one of these
states can be measured over and over again without further changing its value. It is only
the superposition states which are so fragile that a single measurement can disturb them.
The challenge of quantum computing is that these fragile superposition states are absolutely
essential to outdo a classical computer at any problems.

The superposition behavior of a qubit is unfamiliar to the world of classical physics, and
is hard to accurately describe. It is sometimes described as being “both |0) and |1) at the
same time,” but the qubit is only ever found in one of those two states, never both. Likewise,
a superposition is not something between the two states, as if there were “1/2” or “2/3”
states made from a mix of |0) and |1). A spinning coin on a tabletop is a closer analogy —
while it is spinning, is it heads, or tails? The coin isn’t really either, and it’s not an average
of the two; both faces are “in play” until it stops spinning. Quickly flattening the coin on the
table is akin to measuring a qubit, as it suddenly disrupts the delicate state and produces a

single, stable outcome (heads or tails, |0) or |1)) which can then be checked over and over



without any more disturbance.

Multiple qubits can be put in special joint superposition states known as entangled states.
If two or more qubits are entangled together, their values are no longer independent, like
classical bits; they become correlated. The truly strange part is that these correlations exist
even though the qubits’ values are still unpredictable. As another example, consider a pair
of qubits, each of which has |0) and |1) states, leading to the possibilities |00), |01), [10),

and |11). These two qubits can be entangled in a superposition state |¢):

) = a[00) + B 11).

As before, this relation indicates that these two qubits have some probability to be measured
in |00) and some probability to be measured in |[11). Notice that only two of the four
possibilities can occur, as there is no possibility to measure the individual qubits in different
states; |01) and |10) have no amplitudes in |¢). Somehow, the qubits appear to coordinate
their outcomes, and this can be true even when the qubits have no physical connection
through which to coordinate. It sounds like a magician’s trick: they spin two coins on a
table which always gave the same result — heads-heads or tails-tails — but never opposite.
The surrounding apparatus becomes suspect; is it a special table? Weighted coins? Sleight
of hand? Scientists have been searching for the trick up nature’s sleeve for nearly a hundred
years, and have largely managed to confirm that superposition and entanglement, bizarre
though they may seem, are indeed an accurate description of qubits and other quantum
systems.

With the key differences between bits and qubits in mind, classical and quantum comput-
ers can be contrasted. Structurally, quantum computers will resemble classical computers,
using arrays of qubits in place of bits. The bit-level operations of quantum computers are far
more complex, however. Classical computers need only read one bit at a time, checking if it

is 0 or 1, and perhaps writing 1 or 0 instead. Quantum computers also read out single qubits,



but the write operations could entail putting the qubit in |0), |1}, or any superposition of its
states. In addition, quantum computers need to operate on multiple qubits at once in order
to create entanglement. The requirement of potentially connecting any two of the device’s
qubits together at each computing step creates some major design challenges, which will be
covered in more depth in section [1.1.2]

The discussion so far has focused on the abstract differences between classical and quan-
tum, bits and qubits. In practice, qubits can take on many different physical forms. Re-
searchers first identify systems that have qubit properties; in other words, they can exhibit
superpositions and entanglement. There are quite a few possible qubit systems, including
single electrons, atomic ions, microscopic superconducting circuits, and individual light par-
ticles (known as photons). This list makes clear that qubits tend to be much more delicate
systems than bits — it is impossible to make qubits out of a punch card. In each case,
different hardware must be built to protect and operate the qubits, and often additional
hardware is needed to implement the complex entanglement operations. Several different
types of qubit are under development at the leading quantum computing companies today,
each with their own advantages and disadvantages. Superconducting circuits are popular
due to their relative ease of fabrication and interconnection, as they leverage existing semi-
conductor fabrication processes and there are straightforward designs for configuring them
into arrays. However, their relatively large size will prove challenging to scale to useful num-
bers of qubits. Similarly, single electrons trapped in semiconductors, known as quantum
dots, can also be created using existing semiconductor fabrication techniques. Their smaller
size is more favorable for scaling, but they are more difficult to link together into large ar-
rays. A third platform, trapped atomic ions, takes an entirely new approach to designing a
quantum computer, and completely eliminates the semiconductor base material. While this
requires developing entirely new hardware and fabrication processes, the isolated atoms are
ideal qubits with very high performance operations. However, as with quantum dots, linking

them together into large arrays is challenging. It is not yet clear which quantum computing



platform will become the dominant paradigm, and it could even be a type of qubit not yet
invented. Perhaps, like with different forms of classical bits, each will find an application

niche that takes advantage of their respective strengths.

1.1.2 Why is it so hard to build a quantum computer?

The formative ideas of quantum computing have been around for forty years, and yet it
is only in the last few years that real quantum devices have emerged with even a hope of
performing any calculation which a classical computer couldn’t do far more quickly. Even
now, with money flowing into R&D from governments and venture capital firms, it is common
to predict another twenty years or more until useful quantum computers are available. What
is responsible for the slow development of quantum computing? In short, taking quantum
computing from a vague idea of a novel type of computer to a functional device with real
applications has required and will continue to require overcoming some towering experimental
and theoretical obstacles.

It is easier to appreciate the experimental hurdles standing in the way of quantum com-
puters. The hardware requirements of cutting-edge quantum computers entail networks of
superconducting circuits cooled to a fraction of a degree above absolute zero; single electrons
carefully isolated from their semiconductor surroundings and controlled with electrical gates
only a few nanometers wide; or chains of atoms trapped together in a vacuum chamber and
individually controlled with arrays of laser beams. Until recently, these architectures were
entirely unattainable. The ‘classical’ supporting equipment of quantum computers is often
overlooked, but most qubit systems could not function without the advances in cryogenic
refrigerators, lasers and optical modulators, or control electronics which have emerged since
the inception of the quantum computer. Even the pinnacle of scientific equipment today
is not yet sufficient to run a sizeable quantum computer, nor is it known exactly what the
final material and instrumental requirements will be. Each design iteration, as it pushes the

limits of the existing technology, creates new questions and challenges to be answered by the
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ensuing round of hardware innovation.

But these impressive feats of engineering raise a follow-up question: why are all these
gadgets required to create a quantum computer? Why aren’t the incredible capabilities of
modern semiconductor foundries enough to create quantum processors as well as classical?
After all, laptops and smartphones don’t need to be cooled to near absolute zero or held
in total vacuum to function. The answer stems from the intrinsic properties of qubits.
Superposition and entanglement, those quirky properties only found in qubits, are delicate
conditions. As previously described, any measurement of qubits in superposition results
in the qubit states collapsing to a single, stable classical value like |01), which ends the
quantum calculation. This is true not only for the deliberate measurements at the end of
a calculation, but also for any uncontrolled, accidental measurements of the qubit. Even
worse, the interaction of a qubit with its environment can be treated as just this type of
uncontrolled measurement. Thus, unless carefully regulated, the noisy environment of a qubit
will strongly disrupt any quantum calculations in progress, a process known as decoherence.
The majority of experimental effort goes into isolating quantum systems from decoherence:
superconducting circuits are vulnerable to thermal vibrations in the sample, and so they are
placed in ultra-cold fridges which cool it until vibrations are tolerable. Trapped atomic ions
will be lost if they collide with even a single molecule of atmosphere, and so they are held
and tested with vacuum chambers that have 1/1,000,000,000,000th as much gas in them
as ambient air. Despite the best efforts of scientists and engineers, it has so far proven
impossible to remove all decoherence, and so current qubit platforms all come with a ticking
clock — once put into superpositions, the qubits can only maintain their quantum information
for a short time (ranging from roughly microseconds to seconds, depending on the platform)
before decohering due to the environment and effectively becoming classical again.

The prospects for successfully running quantum computations appear even worse in light
of a fundamental fact of quantum information theory known as the No-Cloning Theorem.

This theorem states that it is impossible to take a mystery qubit in some unknown su-



perposition and make an exact copy of it [5]. Were it possible to make such copies, most
decoherence issues would be easy to overcome by making many copies of a qubit and using
measurements of those copies to correct any errors that creep into the system. However,
with the No-Cloning Theorem rendering that approach moot, there appears to be no better
way to avoid decoherence than isolating qubits from the rest of the world. Fortunately for
quantum computing, while reducing intrinsic decoherence is still always worthwhile, theoret-
ical physicists developed a scheme for correcting any errors that occur in a tightly-controlled
quantum system without needing to measure the target qubits directly, known as quantum
error correction.

Quantum error correction (QEC) is one of the key enabling ideas for the hope of creating
a practical quantum computer. In QEC, a target register of computational qubits to protect
from errors is augmented with additional qubits, known as ancilla qubits, which are entangled
with the target register. The advantage of using these ancilla qubits is that they can be
measured without disturbing the target qubits. To identify errors, the ancilla qubits are
entangled in such a way that their measurements change based on whether or not an error
has occurred on the important computational qubits. Finally, quantum logic gates can be
applied to the computational qubits to fix the errors, without ever having measured these
qubits (and thus pre-emptively terminated the calculation) [6]. QEC thus provides a clever
way to skirt the No-Cloning Theorem handcuffing quantum measurements. However, it is
not a silver bullet for all of quantum computing’s ills — the error correction circuits impose a
computational overhead, both in terms of additional computing steps and additional required
qubits. In fact, in most proposed QEC approaches with realistic error rates, several orders
of magnitude more qubits will be required to correct the errors in a quantum computer
than to carry out the calculations themselves. This means that a few thousand qubits —
a few quantum kilobytes — might require quantum megabytes of error correction capacity.
Finally, the error correction circuits might fail altogether if the error rates of the underlying

qubits aren’t low enough to start with. Again, landmark results in quantum information



theory have helped establish exactly how low is “low enough,” in what has become known
as “threshold theorems.” These theoretical results indicate that if the error rate on the
individual qubits of a quantum computer are below a given threshold, then that computer
will be able to carry out computations of any length without being lost to decoherence [7].
This threshold varies significantly depending on the specific connections that exist between
computational qubits and their corrective ancilla qubits, and so an ongoing area of research
involves designing improved qubit architectures that make the best use of the fewest qubits
to protect coherence. Some recent designs have pushed the threshold to 1% error rates or
higher [8], which is in range of most of the popular qubit platforms, which in principle makes
increasing the number of qubits a viable path to realizing QEC.

While developing QEC and proving threshold theorems have provided major boosts to
the viability of quantum computing, there is plenty of theoretical work remaining. Indeed,
one of the central questions to address is precisely what advantages a fully-realized quantum
computer will have over a classical computer. This seems like the first question that needs to
be answered before embarking on the heroic quest to build a quantum computer; how could
it not already be thoroughly investigated and soundly answered? There are a few factors at
work. In the first place, nascent quantum computers have to compete against fully mature
classical supercomputing opponents. With billions of operations per second and storage space
for trillions of bits of information, even cheap classical computers today have capabilities that
it’s hard to imagine quantum computers ever will. Thus, in order to be competitive, quantum
computers must find their niche with problems where they have a significant advantage
in algorithmic complexity — in other words, problems where the quantum solution simply
requires a lot fewer steps than the classical solution, and where the advantage gets bigger
as the problems get bigger. Identifying and proving which problems fall into this category
of quantum advantage has been a slow process; one with a few headlining successes, but
with very little low-hanging fruit. In some cases, progress even seems to move backward:

it may appear clear that quantum computers have a clear advantage on a problem, until a
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new classical algorithm starts to close the gap. Sometimes, the classical algorithm is even
inspired by the once vastly-superior quantum algorithm [9]. While such cross-pollination
of algorithm design is great news for enhancing the general power of computing, it does
occasionally erode the apparent advantages of quantum computers. Finally, it can be much
easier to convince oneself that one device or algorithm is superior to another than it is to
prove it. This seems to be the case for quantum computers. While in an abstract sense they
have clear advantages over their classical counterparts, rigorously certifying an advantage in
a specific case is no simple task. This sticking point occurs in one of the most well-known
open questions of classical computing, referred to as P=NP for short. The P=NP problem
is a good place to begin discussing the exciting opportunities of quantum computing, in
section

In summary, quantum computers have faced towering challenges on both hardware and
software fronts. A long list of engineering advances have been required to observe and
stabilize qubits for use in computing, and more still will be needed to drive down decoherence
rates, develop control protocols, and scale to large enough numbers of qubits for useful
quantum devices. On the theoretical front, constant effort has been required to understand
how qubits operate differently than bits, to invent quantum algorithms, and to prove that
quantum computing advantages exist for those algorithms. The challenges are large, but in
retrospect the progress has been rapid and continuous, offering hope for future breakthroughs

and the eventual advent of quantum computers with truly incomparable performance.

1.1.3 Why are quantum computers exciting?

Quantum computers are exciting in part because of their novelty and strangeness, but they
have only secured significant private funding because of sound reasons to expect useful tech-
nological developments. However, along with venture capital backing and media attention
has come an abundance of “hype” and many misunderstandings regarding the potential im-

pacts of quantum computers. It is easy to argue that quantum computers should be more
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powerful than classical computers; the comparisons between bits and qubits in section [1.1.1
show that qubits can do everything that bits can, plus some things they cannot. Thus, there
may be a huge number of quantum calculations which aren’t possible on classical computers.
On the other hand, there is no guarantee that any of these calculations are useful. Without a
scientific understanding of computer algorithms, it is hard to say what the potential impact
of quantum computers might be. Fortunately, QISE has received some milestone contribu-
tions from the field of theoretical computer science, especially complexity theory, which have
helped clear up some of the questions around how exactly quantum computers are superior
to classical.

Complexity theory is a subfield of computer science which tries to evaluate how hard
different types of computational problems are. The “hardness” of a computational problem
is made precise by estimating the number of steps that a computer would have to take in
order to solve it. For example, consider the challenge of sorting a list of 20 items (of names,
grocery items, phone numbers, etc.) in alphabetical or numerical order; this is a job which
computers and humans both frequently do. A reasonable procedure, or algorithm, might be
to scan the list for what should be the first entry (“Aaron,” a 202 area code, or similar)
and write that at the top of a new list. This is done by checking every item in the list
to see if it’s earlier than all the other items, and so the first pass takes 20 steps. Then
search the list again for the next item (another 19 steps), the third item, and so on. It
takes 20 passes and 210 total steps to fully sort the list. Now, why care about the total
number of steps? After all, a computer could take millions of steps in the amount of time
it would take a person to do ten steps. Several reasons: first, it is important to make huge
calculations take as few steps as possible, even for supercomputers. Second, consider how
the number of steps increases as the size of the problem increases. What if the list was
twice as long — 40 items? In this case, the sample algorithm would require 840 steps. Even
though the problem size doubled, the number of steps quadrupled. This is common for

most problems in computing — the number of steps increases much faster than the size of

12



the problem. The relationship between problem size and problem difficulty is predictable,
and allows scientists to group problems and their algorithms into different complezity classes
which contain problems of similar hardness. While it seems concerning that the example
sorting algorithm got four times harder when the list got twice as long, sorting is actually
one of the relatively easy problems in computing. Sorting a list of one thousand elements
might take a modern computer only around one millisecond, so the size of the list can be
doubled many times before it slows down to a noticeable level. Problems of this type are
considered “efficiently solvable,” and grouped into the class P, for “polynomial time.”

Not all problems fall into P, however, and many important problems are far more difficult.
For example, a canonical hard problem is the Traveling Salesman Problem, in which a person
or vehicle wants to calculate the quickest route to visit a group of cities or points of interest on
a map. What makes this problem so hard is that, while it’s fairly easy to do for a handful of
cities, each additional destination explodes the number of possible routes to consider. The
scaling is so extreme that adding just one additional city more than doubles the number
of steps required to calculate the shortest route [I0]. This rapid growth is characteristic
of the exponential function, and so the Traveling Salesman Problem algorithms are termed
“exponential-time” algorithms. Exponential-time algorithms quickly become too hard to run
even on supercomputers, which is an obstacle for the many applications which would benefit
from exact solutions. In some cases, a rough approximation to the best answer can be found
more quickly, but software engineers still know exponential-time algorithms as a pitfall for
any problem which needs to be solved at scale. The Traveling Salesman Problem, and many
others of similar difficulty, are grouped together into the class NP, for “nondeterministic
polynomial time,” a class which also contains all the problems in PE The relationship is

depicted graphically in Fig. along with NP-complete, a subset of NP which contains

1. The exact meaning of this name refers to technical characteristics of the problems it
contains. Interestingly, despite the apparently clear differences between the hardest problems
of NP and those in P, they have not yet been rigorously proven to be separate classes. This
is the famous P=INP problem of complexity theory.
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Figure 1.1: The hierarchy of quantum-relevant complexity classes. Bounded-error quantum
polynomial time (BQP) represents the range of problems which can be efficiently solved
by a quantum computer. While its span isn’t fully understood yet, it completely contains
the problems which a classical computer can efficiently solve (P), and some which it can-
not (NP). It is still unknown whether or not BQP is completely contained in NP. NP-
complete, which contains the provably hardest problems in NP, is not expected to overlap
with BQP.

problems that are proven to be the hardest in NP.

The key question for QISE is how a quantum computer fares on these classes of problems
when compared against classical computers. Encouragingly, a number of problems have
been identified where a quantum computer can be proven (theoretically) to scale better with
problem size than the best classical algorithms. Thus, quantum computers have been given
their own complexity class, termed BQP for “bounded-error quantum polynomial time,”
which contains all the problems which are efficiently solvable on a quantum computer. Fig.
also depicts the proposed relationship of BQP to other complexity classes. As expected
from the qubit/bit relationship, BQP completely contains P, since a qubit does everything
a bit can do. BQP is not believed to contain NP-complete at all, which means that
computers will not be a magic bullet for contemporary hard computer problems. However,
it still may extend beyond NP, which would be a remarkable discovery and is an active
area of research. So far, several algorithms have been identified for problems which, by
all appearances, are in BQP (quantum-feasible) but not in P (classical-feasible). These
algorithms are the heart of the excitement around quantum computing, and there is optimism
that these algorithms are just the tip of the iceberg, a hint that as computer scientists gain
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familiarity with the unusual principles of quantum algorithm design, they will discover a
host of new algorithms which continue to expand the region of quantum superiority over
classical.

Quantum computing’s advantage lies entirely in the superior scaling of these known
quantum algorithms with no classical analogues. Qubits currently operate much more slowly
than bits, so there are likely few computing gains to be had on small scales. However, as
with the sorting and Traveling Salesman problems, quantum algorithms can win out in the
end for large enough problem sizes, where classical computers would require an unreasonable
number of steps. The benefit of the widening gap in the quantum versus classical steps to
complete an algorithm will eventually outweigh the slowdown from classical bit to qubit.
A principal goal in QISE research has been to seek out more algorithms with advantages
over classical algorithms, especially where the classical algorithm is exponential-time, i.e. it
scales very poorly.

The quantum list-searching algorithm, known as “Grover’s algorithm,” is one which
illustrates how unusual quantum algorithms can be. The problem is to find a certain element
in an unsorted list. For example, the task might involve finding someone with the first name
“Francis” in a phone book, or checking if there are any books in a library catalog that have
“dinosaur” in the title. Like the sorting problem, there is a very straightforward classical
approach: start moving through the list from the beginning and check each item. On average,
this algorithm has to check half the items in the list before it finds the target item. Thus,
if the size of the list is doubled, the search also takes twice as long. Grover’s algorithm, on
the other hand, can take advantage of qubit superpositions and reach the correct answer
far faster. In fact, it only takes a number of steps roughly equal to the square root of
the number of list elements [I1]. This means that the size of the list would have to be
quadrupled before Grover’s algorithm needs to take twice as many steps. On its face, this
seems impossible. Doesn’t an algorithm, quantum or not, still need to check every element

in the list? That is classical thinking, and it is a challenge to all the researchers in the
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field to develop “quantum thinking” in the pursuit of new algorithms. Superposition and
entanglement allow quantum algorithms to approach problems in unusual ways, and for the
list-search problem it results in an advantage over classical algorithms. However, it remains
to be seen how widely applied Grover’s algorithm ultimately becomes. List-searching is a
prevalent problem, both on its own and as a stepping stone for more involved algorithms, so
there may be a lot of opportunities to apply a quantum search. On the other hand, it doesn’t
achieve an exponential-time advantage over its classical counterpart, so the lists (and the
quantum computers searching them) may have to be quite large before a quantum search
becomes faster than a classical search.

Fortunately, another quantum algorithm does provide an exponential-time advantage —
Shor’s factoring algorithm. The factoring problem is simple to describe: given a number,
what are its prime factors? This is simple to do for small numbers, thanks to experience
and a limited space of possibilities. 21 is 3 x 7, and 527 is 17 x 31, but what about
34,687,528,507,845,055,3197 It would take significant effort for either a human or a computer
to figure out that the two prime factors are 8,085,263,101 and 4,290,216,419. The factoring
problem is hard enough that the only known solutions are exponential-time algorithms.
The difficulty of the factoring problem has made it a key cog in a popular data encryption
algorithm called RSA, which uses a large number to encrypt a message and one of its prime
factors (known to the receiver, but not to the public) to decrypt it. Shor’s algorithm, however,
does not take exponential time, only polynomial time. The drastically improved scaling for
Shor’s algorithm suggests that it might be able to overtake a classical computer on relatively
small problem sizes. The discovery of this algorithm and its low threshold for superiority
has led to one of the most-discussed potential applications of quantum computing: quantum
code-breaking. A sufficiently large quantum computer could efficiently find the prime factors
of the large number used to encrypt large volumes of data, undoing the encryption for the

quantum computer operator. The current RSA standards employ encryption keys a few
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thousand bits long, so at least as many qubits would be required to break such an encryptionﬂ
Given the prevalence of RSA encryption, including for storing and transmitting important
data, this would place a large fraction of the world’s currently encrypted data at risk. It’s
perhaps no wonder that governments and intelligence agencies have focused on the national
security implications of a working quantum computer.

As an aside, while Shor’s algorithm appears to be a matter of serious public concern
and one which fates quantum computers to be used for malicious purposes, there are two
mitigating factors. The first is that a range of encryption options exist which do not rely on
the difficulty of the factoring problem. Intelligence and standards agencies are proactively
establishing an updated set of “post-quantum” cryptographic standards, which will greatly
reduce the potential threat from a future quantum computer [12]. If and when it is ultimately
constructed, a quantum computer will undoubtedly be tested against encryption standards,
but by then the quantum-vulnerable options are likely to be phased out. The second is that
the core element of Shor’s algorithm, the Quantum Fourier Transform, is useful for a wide
range of problems besides attacking RSA encryption — cryptography applications are simply
the ones which have garnered the most media attention thus far.

The quantum algorithms presented so far constitute some concrete reasons for optimism
about the prospects of quantum computing, but there are several abstract reasons, as well.
Nature, at its fundamental level, obeys the laws of quantum mechanics and is not simply
classical. Building a quantum computer, then, requires scientists to understand and control
matter and energy at its very base level. It is hard to imagine that this dramatic increase in
our ability to engineer the natural world will not at some point lead to revolutionary techno-
logical developments. In pursuit of rigidly controlled quantum interactions, researchers are
working on building atomically perfect materials, seeking the limits of precision measure-

ment, and miniaturizing electronic components to unprecedented scales. From this position

2. These qubits would need to be error-corrected, which balloons the number of required
qubits to the hundreds of thousands, millions, or more, depending on the quantum gate error
rates and error correction paradigm.

17



at the emergence of a fledgling field, it may be hard to predict exactly what industries and
wells of innovation may result from these new capabilities. The uncertainty is both enticing
and cautionary, and suggests that a prudent course of action for the future of QISE involves
striking an appropriate balance of risk-mitigating and exploratory research. Risk mitigation
would entail continuing to improve estimates of the hardware and software requirements for
functional quantum computers, to best assess the feasibility and timeline of their develop-
ment. On the other hand, exploratory basic research will help open the door to as many
breakthrough technologies as possible, casting a wide net in search of the unique and unusual
applications of quantum phenomena.

One final, esoteric angle on quantum computing applications is worth mentioning — the
potential integration of quantum algorithms into artificial intelligence. Across all of the nat-
ural world, scientists have discovered only two types of information (and corresponding in-
formation processors): classical and quantum. Despite large disparities in size and speed, all
classical computers ranging from handheld calculators to supercomputers process their clas-
sical information according to the same fundamental rules. This “substrate independence”
is what enables the results of computational complexity theory to be so widely applicable.
Likewise, all quantum information processing systems follow the rules of quantum informa-
tion. In every information processing system found in nature so far, the information is either
classical or quantum — and that includes human beings! That implies that human-level in-
telligences could be perfectly emulated with a classical or quantum computer of sufficient
complexity. However, it isn’t yet known for sure whether humans are entirely classical or
quantum; while the most likely scenario is that human intelligences are classical computers,
formed from literal neural networks and with bits implemented via chemical and electrical
signaling, there have also been a few proposals for how coherent quantum information could
be processed in the brain [I3]. Regardless of the eventual resolution of this curious question
of human nature, quantum information would contribute an intriguing twist to the quest to

build human-level artificial intelligence. Either the human brain is a quantum information
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processor, and quantum computing serves as the key ingredient for creating a comparable Al,
or brains are merely classical computers, and a quantum computer serves as the only known

route to surpass the fundamental limitations of the realm of brains and supercomputers.

1.1.4 Are there other important technologies in QISE?

The majority of the discussion so far, not to mention the bulk of mass media publicity
surrounding QISE, has focused on quantum computing specifically. However, just as there
are classical devices of interest beyond computers, there are quantum technology applications
beyond quantum computers. The quantum technologies other than computing have been
grouped into three general categories: quantum simulation, quantum communication, and
quantum sensing.

Quantum simulation sounds, and is, related to quantum computing. In the field of quan-
tum simulation, the objective is to outperform classical computers at the task of simulating
large quantum mechanical systems, such as molecules or high-temperature superconductors
[T4]. This premise hearkens back to the origins of the field of QISE, where Feynman sup-
posed that a computer obeying quantum principles would have a much easier time simulating
quantum systems than a classical computer [4]. The main difference between a general quan-
tum computer and a quantum simulator is that a simulator is designed to model a specific
class of physical systems, such as an atomic lattice, a set of similar molecules, or the nucleus
of an atom. A quantum computer is intended to be completely reconfigurable, and able to
run arbitrary quantum calculations. In this sense, quantum simulators are limited, highly
specialized realizations of quantum computers. From a classical computing perspective, ac-
curately simulating quantum mechanical systems is difficult, due to the extensive correlations
between qubits that come along with superposition and entanglement. Perfectly simulating
the evolution of a quantum system is an “exponential-time” problem, and so is a very slow
process for even just a few atoms at a time. With classical computers, scientists must make

approximations or enforce size limitations on the quantum systems they’d like to simulate.
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Qubits make a far more natural basis for simulating other quantum systems. By leveraging
the natural analogies between many different qubit platforms and focusing on a limited set
of problems, researchers hope to more rapidly attain advantages over classical computing
than by developing a complete, error-corrected quantum computer. Especially with this
approach, quantum simulator development is likely to split in many different directions and
use many different qubit platforms, each chosen based on their ability to simulate specific
analogous quantum systems. Quantum simulators may even jump start a virtuous feedback
cycle, where early quantum simulators are used to gain greater understanding of important
materials or physical laws that are used to build better quantum simulators and computers.
Quantum simulators are already a reality, to an extent. No sharp threshold exists for what
“is” and “is not” a quantum simulator, since even a single qubit can technically be considered
a simulator for other single qubits. However, the threshold for an effective quantum simulator
is outperforming classical simulations at the same task, or even simulations which are too
hard to do classically. This milestone is more challenging, but has been reached in at
least a few cases [15]. The threshold for a useful quantum simulator is higher still, as the
simulation should help answer a research problem, but there are several promising directions
and it seems only a matter of time before quantum simulators are a common computational
resource in scientific disciplines. Given their highly specialized nature, it seems unlikely
that quantum simulators will enjoy widespread commercial appeal. Eventually, when they
reach a sufficient level of sophistication, quantum simulators could be used by materials
and pharmaceutical companies in performing semiconductor and chemistry calculations to
serve the development of new drugs and materials. In the shorter term, once the “useful”
threshold has been convincingly cleared, quantum simulators are likely to serve as research
resources for making and validating quantum calculations for research problems, much like
the supercomputing clusters already available at national laboratories and universities.
Quantum communication is a fairly self-descriptive term, and refers to the capability of

transmitting and receiving coherent quantum information across long distances. Of partic-
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ular interest is the case of sending one of a pair of entangled qubits across a network, to
connect the quantum systems of the sender and receiver. On its face, it sounds completely
outside the realm of possibility — somehow qubit states, which are already difficult to pro-
tect in low-temperature vacuum chambers, are supposed to be maintained in transit across
countries and oceans? Indeed, it is only because qubits based on individual particles of light
(photons) have different properties than most other, “matter” qubits, that quantum com-
munication is even plausible. Whereas matter qubits are relatively easy to keep stationary,
photon qubits always travel at the speed of light. And while matter qubits have strong
interactions with their surroundings that lead to rapid decoherence, photon qubits can have
long coherence times if they are not absorbed. Thus, photons are a logical choice as a vehicle
for carrying quantum information from one place to another. The principal challenges lie
in mediating the conversion from stationary qubit to photon qubit and back again, and in
ensuring the photons are not absorbed. For the first challenge, success appears contingent on
a combination of perfecting fabrication processes, improving qubit architectures, and devel-
oping new optics components. A variety of methods have been shown to successfully transfer
stationary qubit information into a traveling photon, and leading research is now on increas-
ing efficiency of the transfer. For the second challenge, the telecommunications industry
already has decades of experience in transmitting light from point to point with low absorp-
tion (sometimes called low “loss”). However, not only are the loss requirements of quantum
computing technologies more stringent than those of classical fiber optic communication,
but the standard signal amplification techniques cannot be applied to quantum communi-
cation. Classical laser signals can be measured and perfectly retransmitted to avoid errors,
overcome loss, and extend the network range. Photon qubit transmissions, on the other
hand, are converted back to classical information if they are ever measured, as described in
section [I.1.1 New techniques have been proposed to reliably extend qubit transmissions:
relay stations called “quantum repeaters” would share entangled qubits with the sender and

receiver separately, and can then perform quantum operations to entangle the qubits held
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by the sender and receiver directly. In this way, each quantum repeater can halve the dis-
tance required for qubit transmission. While full operation of a quantum repeater has not
yet been demonstrated, precursor experiments have shown promising results in transmitting
entanglement over short distances [16].

There is an alternative to using fiber optics to transmit quantum information: satellite-
to-ground communication. A satellite-based approach circumvents the inevitable losses of
even the best fiber optics by sending the photon qubits into the extreme vacuum of space,
where there is virtually no chance of absorption. While loss by absorption is solved in space,
transmitting to a satellite introduces the problem of ensuring the photons are correctly
aimed at their target, which is trivial in fiber optics. Recent demonstrations on satellites
equipped with quantum photon emitters have overcome the targeting hurdles and successfully
distributed entangled photons to two earthbound receivers separated by 750 miles [I7]. This
provides satellite quantum communication an early advantage in terms of distance, but as of
yet, satellite quantum communication has yet to demonstrate conversion back to stationary
qubits at the receivers. The respective advantages of fiber optics and satellites may lead to
the adoption of both for specific applications.

Quantum communication has several distinct application areas, and some have already
resulted in commercial products. The earliest and most mature quantum technology, quan-
tum key distribution (QKD), uses the correlated randomness of entangled qubits to generate
encryption keys for large-scale, secure classical communication. This technology aims to re-
place RSA and other public-key encryption schemes, which are only secured by the presumed
difficulty of reverse-engineering a mathematical problem like factoring. In QKD, by deliver-
ing qubits of an entangled pair to both the sender and receiver, the two parties can generate
shared, unpredictable strings of bits to encrypt their classical communications. If a hacker
attempted to intercept the quantum information transmissions used to share entanglement,
it would again convert the transmission to a classical signal and destroy the entanglement.

Thus, any interference in the communication channel is (theoretically) detectable, and the
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encryption secure against attacks with either a classical or quantum computer. However,
whether such an extreme degree of security is needed in most cases is questionable; the
National Institute for Standards and Technology is developing a set of classical encryption
standards which are expected to be secure against attacks by either supercomputers or full-
fledged quantum computers, providing sufficient data protection at least in practice, if not
in principle, for most applications. Short-range QKD networks are already in use in some
national laboratories and metropolitan areas, and the aforementioned satellite-to-ground
quantum communication channels have successfully implemented QKD over much longer
scales. QKD networks could reasonably be deployed for secure networks that require the
highest assurances of long-term security, such as internal networks in the defense, finance,
and healthcare sectors.

Blind quantum computation is a prospective application which combines unique features
of quantum computing and quantum communication, and similarly attempts to address con-
cerns around data privacy. Cloud computing has become an enormous industry, but clients
of cloud computing firms must be comfortable handing control of their data to third par-
ties, exposing confidential information to additional security risks. In the classical arena,
encrypted computation (also referred to as “confidential computing”) can protect data even
on untrusted servers. Blind quantum computation provides a quantum analogue to this ser-
vice, which will be in demand given the likelihood of the most powerful quantum computers
being centralized resources. Once again leveraging the No-Cloning Theorem, blind quantum
computing allows a quantum cloud computing client to transmit quantum information (the
details of which are known only to the client) to the quantum cloud server, which is then
used in the specified quantum computations. Since the transmitted information is secret
and cannot be determined by the cloud service, the service provider can know and correctly
implement the desired calculations without knowing their purpose or results [I§].

Entangling disparate quantum systems via quantum communication channels is a funda-

mental operation for both computing and sensing. Especially in the early stages of quantum
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computing, when individual devices have limited numbers of qubits, it may be easier to
entangle multiple devices than to grow the size of a single device. Mature quantum commu-
nication technology might therefore provide a shortcut to scaling up quantum computers.
Entangled sensors can also provide advantages over non-entangled sensors [19], and if the
sensors are spatially separated, quantum communication techniques will likely be the means
of entangling them.

Quantum sensing is the final major area of quantum technology. It is also the most
heterogeneous of the application areas, covering the widest range of qubit platforms and as
many different use cases as there are types of sensors. The unifying principle behind all
quantum sensors is to leverage the quantum properties of a sensor to outperform purely
classical sensors. In some cases, quantum sensors even make measurements that no classical
sensor has been able to. For example, quantum sensors can detect individual microwave
photons [20], which is far below the detection threshold of classical microwave detectors.

Sensing may not seem like a particularly noteworthy application for quantum technolo-
gies, but the importance of sensing is often understated. Smartphones include a wide range
of sensors which enable convenient and by-now-expected features, such as GPS location
readings, touchscreen and fingerprint interfaces, and gyroscopes for orientation-dependent
interactions. Cameras and distance sensors are critical for the computer vision systems that
enable self-driving vehicles, and the acquisition rate of images and environmental data di-
rectly factors into how safe and reliable such a vehicle can be. Medical diagnoses depend on
accurate readings of tests for concentrations of chemicals or the presence of specific viruses
and bacteria. These are just a few of the roles that sensors play in making technological
progress possible — new measurement capabilities often lead to engineering innovation.

Improved sensing takes many forms. In some cases, a quantum sensor can take the same
measurements in less time, or make higher-resolution measurements of the same target. In
other cases, a quantum sensor can be miniaturized beyond classical capabilities. The quan-

tum sensing systems under study are useful for a range of physical quantities, including force,
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motion, magnetic and electric fields, and temperature [21]. The quantum systems themselves
range from clouds of atoms to superconducting circuits to nanometer-sized vibrating mem-
branes.

Of course, not all sensors see widespread commercial success. Some sensors are so spe-
cialized or require such extensive hardware support that they are never deployed outside
of laboratory settings. This doesn’t mean that the device is useless; many discoveries can
be made in a lab and applied elsewhere. Most quantum sensors are restricted to the lab
because of the difficulty of maintaining quantum coherence under uncontrolled conditions.
An emerging quantum sensor, the nitrogen-vacancy (NV) center in diamond, has already
been employed in numerous laboratory experiments, but also shows promise for deployment
outside the lab because of its exceptional stability and coherence properties. The NV center

is the central quantum system of this thesis.

Four decades after the first quantum computers were proposed, the field of QISE looks
different than at its inception, and in many ways that could not have been predicted at the
time. The major areas of application only came into focus along with significant research
advances, and have been shaped by the parallel progress in classical computing, communica-
tion, and sensing. While it’s a safe bet that the next forty years will be equally unpredictable,
the current trajectory of quantum R&D seems to be accelerating and enthusiasm is high that
commercial success is imminent. Like most new developments, the course of QISE will fall
somewhere between the most optimistic and pessimistic projections. Unpredictable break-
throughs will occur and launch the field forward, but classical information industries aren’t
remaining stagnant either. No matter how much venture capital is committed, quantum
computers are still far from implementing their envisioned quantum algorithms, and the
intervening cycles of test and development will all take time. New hurdles will be discov-
ered and surmounted, new applications will appear and others will become obsolete, and

developmental estimates will have to be revised many times. But after decades of trying, no
25



fundamental obstacles to the creation of a quantum computer have been found. The future

looks bright for the development of remarkable quantum technologies.
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Chapter 2

The Nitrogen-Vacancy Center

This chapter will introduce the nitrogen-vacancy (NV) center in diamond, including its struc-
ture, the rich physics of what at first glance is a simple system, and the relevant applications
in and outside of physics. The rest of this dissertation will assume the reader has familiarity

with undergraduate-level quantum mechanics.

2.1 Physics of the Nitrogen-Vacancy Center

2.1.1 Structure and Formation

The NV center is an atomic defect contained within the lattice of a diamond crystal. It
forms when a substitutional nitrogen impurity atom is adjacent to a vacancy, each replacing
a carbon atom. Fig. displays a diamond unit cell containing an NV center. The dangling
bonds provide five non-bonding electrons, two from the nitrogen and one each from the
three nearest-neighbor carbon atoms. The NV center has multiple stable charge states, and
only the negatively charged NV center will be discussed from now on. With the capture of
this additional electron, the NV center is formed as these six electrons fill up the molecular
orbitals composed of the local dangling bonds. These molecular orbitals create an electronic

level structure that resembles that of an isolated atom, with sharp excited state and hyperfine
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Figure 2.1: Diamond lattice with NV center. A diamond unit cell contains tetrahedrally-
coordinated carbon atoms. Here, a nitrogen impurity (N) and a vacancy defect (V) combine
to form the NV center. A typical coordinate system is also shown.

transitions in spite of the surrounding crystal lattice. Diamond’s band gap of 5.5 eV is among
the largest yet identified for a semiconductor, and leaves a pure diamond crystal transparent
in the visible spectrum. The NV’s excited state transition falls within this experiment-
friendly visible range, well within the band gap, which makes it possible to observe isolated
NV centers within a diamond chip under a microscope when simultaneously excited with a
laser. While single NV centers are too dim to register on a photodiode, and require single-
photon detectors, ensembles of NV centers clearly register on CCD cameras, and particularly
dense ensembles — to the extent the host diamond appears nearly black — can even be seen
with the naked eye under laser illumination. Both single and ensemble NV centers have
unique applications, and their relative strengths will be discussed in later sections. Since
single NVs can be optically resolved, there is a natural transition from “single” to “ensemble”
NV samples at the point where the NV centers become too dense to be individually resolved.
In normal confocal microscopes, single NV samples host concentrations below 1012 NVs / cm?,
while ensemble samples may have densities of 10'® NVs/cm? or even higher.

Each lattice site in the diamond lattice has four nearest neighbor lattice sites, configured
in a tetrahedral arrangement. Thus, for any substitutional nitrogen atom, there are four

equivalent sites for a vacancy to occupy and create an NV center. Crystallographically, these
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are the (111) directions. It is most common for rectangular diamond chips to be created with
a (100)-oriented surface, for which all NV axes have a 54.7° angle to the surface. Under most
circumstances, the four orientations are randomly distributed. If a specific NV orientation
is desired for a single NV, several centers may need to be searched. NV center ensembles are
composed of an even mixture of the four orientations, although there is statistical variation
from region to region of the sample. While all four orientations are equivalent in the absence
of external fields, an applied magnetic or electric field can break that degeneracy and single
out one of the four NV sub-ensembles. In this case, experiments may be designed to probe
only the desired NV orientation, with the remaining NV centers treated as background noise.

NV centers are formed both naturally and intentionally in diamond crystals. Nitrogen is
the most common impurity in naturally-formed diamonds, and as an impurity is responsible
for the yellow tint of class Ib diamondsﬂ Vacancies are also plentiful in natural diamonds,
which form under high temperature and pressure conditions that introduce many microscopic
imperfections. Randomly, these nitrogen impurities and vacancies can coincide, naturally
forming NV centers. For many years, high-quality, natural, class ITa diamonds provided the
best substrates for single NV experiments. In addition to NV centers, many other species of
defect tend to form in natural diamonds, but NV centers can usually be distinguished due
to the high concentrations of nitrogen compared to other impurities, the relatively bright
photoluminescence (PL) of NV centers, and their characteristic spectral signatures. Today,
however, the diamond samples which host the highest-quality NV centers are lab-grown, not
mined, in a process called chemical vapor deposition (CVD). CVD growth begins with a
single-crystal diamond substrate, and takes place in a high-temperature vacuum chamber.
Methane (CH4) and hydrogen gases are released into the growth chamber, and enough rf
power is injected to break the chemical bonds and create a carbon and hydrogen plasma above

the substrate. With the right balance of conditions, the carbon atoms grow in epitaxial layers

1. In gemological classification of diamonds, Ib are distinguished by high nitrogen concen-
tration and have a yellow tint. Ila diamonds have low impurity densities and are transparent.
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of high-quality, low-nitrogen diamond. Growth techniques have advanced to the point where
CVD samples often have so little residual nitrogen and vacancy concentration that few NV
centers will be visible immediately, and they must be deliberately engineered in the sample.

Two methods exist to create NV centers: implantation and growth. In implantation,
nitrogen ions are accelerated to energies of 1 - 200 keV and directed at a diamond substrate,
where they penetrate to depths of up to several hundred nanometers. The collisions with
lattice carbon atoms create a trail of vacancies along the path of the ions, and the stochas-
tic series of collisions creates a few nanometers of variance in the final nitrogen impurity
positions in the crystal. After implantation, the vacancies are mobilized in the lattice by
annealing at temperatures above 800 °C, and some of them combine with nitrogen impurities
to form stable NV centers. Alternatively, nitrogen can be introduced during the CVD growth
process. As the crystal is grown one atomic layer at a time, nitrogen gas can be released
alongside the methane and hydrogen. Some of the nitrogen is incorporated alongside the
carbon in the diamond, and with proper calibration, this produces nitrogen-enriched layers
of diamond as thin as two nanometers [22]. Unlike ion implantation, the growth process
does not produce a significant number of vacancies, and so additional vacancies are then cre-
ated in the sample, typically with electron irradiation. Finally, the sample is annealed until
the vacancies reach the nitrogen-rich layers and form NV centers. Both sample preparation
methods have advantages, subtleties, and variations which determine the correct choice for
each application. In general, CVD growth is used to create single NVs with the best opti-
cal properties and in isotopically purified material (see section , while implantation is

preferred for ensembles.

2.1.2 Spin and Optical Properties

The basic spin and optical properties of the NV center emerge from the overall Cs,, symmetry
of the center and its six electrons. Four of these electrons pair into lower-energy orbitals,

while the remaining two form a spin-1 system across two degenerate orbitals, with triplet and
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Figure 2.2: NV center ground state level structure. The ground state spin triplet degeneracy
is broken by the zero field splitting, Dgs = 27 x 2.87 GHz. The states further split in the
presence of a magnetic field parallel to the NV axis according to the gyromagnetic ratio
Ye = 2m x 2.8 MHz/G.

singlet subspaces. The ground state is the triplet with Ay symmetry, containing ms = 0, £1
angular momentum states, which will be labeled |0, +-1) respectively. The crystal field breaks
the degeneracy of the triplet states, contributing a Dgssg term to the Hamiltonian, where
Dgs = 2m x 2.87 GHz is the zero-field splittinéﬂ. This splitting creates a natural coordinate
axis for the NV center, with the z axis along the vector connecting the nitrogen and vacancy
lattice sites. The NV center couples to magnetic fields with a g tensor that appears isotropic
and almost identical in magnitude to that of a free electron. Due to the ground state
orbital singlet structure, the coupling to electric fields is much weaker, and so the principal

Hamiltonian of the NV center ground state is [23]
Hys = Dy [33 —5(S + 1)/3] +B-S, (2.1)

with the electron gyromagnetic ratio 7. = 27 x2.8 MHz/G. At room temperature, the excited
state spin sublevels of the NV center largely resemble its ground state, with a smaller zero-

field splitting Deg = 27 x 1.42 GHz.

2. Throughout this dissertation, A will be set to 1, and energies expressed in units of
angular frequency.
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Figure 2.3: NV center photoemission spectrum. The emission from an ensemble of NV
centers at room temperature is shown under 532 nm excitation. The zero-phonon line (ZPL)
is visible at 637 nm, comprising approximately 3% of the total emission. The remaining
photoluminescence (PL) corresponds to phonon-assisted transitions. A longpass filter at 600
nm is placed in the collection path to remove the excitation laser.

While the NV center is now primarily studied for its spin properties, its discovery and
development have been facilitated by its characteristic optical properties. The excited state
transition occurs directly at 637 nm — the zero-phonon line (ZPL) — and in a broad spectrum
of phonon-assisted optical transitions extending out to around 800 nm, as shown in Fig.
2.3l These phonon-assisted transitions exist for absorption processes as well, allowing the
defect to be excited with much shorter wavelengths than the resonant 637 nm. In many
cases, widely-available 532 nm lasers are preferred for excitation, allowing full collection
of the NV center photoluminescence while spectrally filtering the excitation laser. The
excited state lifetime is 10-15 ns for most NV centers, which makes it a moderately bright
center capable of emitting nearly 108 photons/s. However, most experimental setups which
use microscopes to examine single NV centers will observe below 10° counts per second
(cps) on their single-photon counters. A number of factors contribute to the disparity,
including ionization and electron recapture cycles, non-radiative pathways, and low collection
efficiency. Diamond has a high index of refraction of n = 2.4, which leads to the majority

of subsurface emission being trapped in the sample due to total internal reflection. NV
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centers tend to have high quantum yieldEL measured above 90%. On the other hand, the
ratio of ZPL emission to the total emission, known as the Debye-Waller factor, is quite low
for the NV center, approximately 3%. This leads to the broad phonon sideband and can be
a hindrance or a help, depending on the experimental goals. Collectively, these properties
make it straightforward to observe single NV centers in diamond at room temperature using
cost-efficient visible-spectrum microscopy equipment.

Unlike the ground state, the NV center excited state is an orbital doublet, with 3E
symmetry. The transition is often modeled as two perpendicular electric dipoles aligned with
the x and y axes of the NV coordinate system. Due to this dipolar configuration, the NV
center emission angular distribution has only a mild isotropy along its axis, and it absorbs
and emits in most linear polarizations. At room temperature, the ZPL is broadened by
thermal phonons to a linewidth of a few nanometers (several terahertz, at this wavelength).

In addition to the electron spin, the nonzero nuclear spin of the nitrogen atom is a critical
part of the NV center’s spin properties. Nitrogen has two stable isotopes, N and PN,
which have nuclear spin I = 1 and I = 1/2, respectively. The 14N isotope is naturally 99.4%
abundant, and so is predominant in natural diamonds. Despite the low natural abundance,
the 1°N isotope is often used in ion implantation and CVD growth to distinguish created
NVs from naturally occurring, and so its unique properties cannot be neglected. With the

addition of the nuclear spin, the ground state Hamiltonian becomes
Hys = Dy [53 —5(S+1)/3| +1eB-S+S-A-1+0Q [i§ —I(I+1)/3]. (2.2)

Here, A is the hyperfine tensor, which is well approximated by a diagonal tensor with com-
ponents (AH,AL) — 27 x (—2.16 MHz, —2.7 MHz) for N and 27 x (3.0 MHz, 3.7 MHz) for
I5N. @ is the nuclear quadrupolar interaction, which is present for 14N only with a strength

of 2w x —4.95 MHz.

3. Quantum yield is often defined as the fraction of excited state population which decays
radiatively instead of non-radiatively.
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2.1.3 State Preparation, Manipulation, and Measurement

One of the most distinct aspects of the NV center is the interplay between its spin and optical
degrees of freedom. The triplet excited states can decay via electron-phonon interactions to
the singlet subspace, in a process known as intersystem crossing (ISC). The singlet states
are themselves metastable, and decay back to the triplet ground states. This process is
important because it is strongly spin selective: the |£1) excited states undergo the ISC
far more often than the |0) excited state. Two major consequences follow from this spin
selectivity: ground state spin polarization and optical spin state readout.

Preferential coupling to the ISC provides the mechanism for a high degree of room tem-
perature spin polarization. Initially, an NV center might start in a thermal ground state
mixture, with no detectable polarization. An off-resonant laser is applied, exciting the entire
ground state population. The |0) state decays radiatively, but some of the |+1) population
instead enters the ISC and the singlet states. The singlet states decay relatively evenly
into all three triplet ground states, which leads to some residual radiative and non-radiative
repopulation of the |+1) ground states, but the net result is a transfer of population from
|£1) to |0). If the off-resonant laser is kept on, the cycle will repeat, leading to further
polarization. The timescale of this process is set by the approximately 300 ns lifetime of the
singlet state, and so after a few microseconds of laser excitation, the |0) ground state can be
statistically polarized to over 90%. This simple optical polarization mechanism is the basis
for nearly all NV center experiments.

The non-radiative ISC decay pathway also enables all-optical readout of the ground state
spin state. In the absence of spin-selective processes, all three ground states would exhibit
indistinguishable PL. The |+1) states’ increased coupling to the non-radiative ISC leads to
lower PL, and thus photon counting can be used to differentiate |£1) from |0). Technically,
the singlet pathway also emits photons, but the transition lies in the infrared and can easily
be filtered out of the visible frequency collection band. State measurement is accomplished by
applying laser excitation and measuring PL. The PL contrast between the |0) and |£1) states
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can vary depending on a multitude of factors, including laser power, collection duration, and
background filtering, but is optimally around 25-30%. Since the readout procedure is the
same as the spin initialization procedure, the measurement gradually erases the spin state
information and reinitializes it into |0). Thus, an important step in performing optical spin
measurement of an NV center is calibrating the optimal collection window where spin state
PL differences are maximized. PL contrast provides a means of determining the probability
that an arbitrary state is in |0) versus |£1). In other words, if a qubit is defined in the
{]0) ,|—1)} basis, PL contrast determines (S,) of a pure state, or the diagonal density matrix
elements of a mixed state. While this measurement alone is not enough to fully determine a
qubit state, the ability to apply coherent phase rotations enables successive measurements
to determine (S;) and (Sy). This approach provides full information on the density matrix
of any qubit which can be mapped to the |0) and |+1) states.

With a large magnetic dipole, the NV center ground state spin is typically manipulated
with microwave fields. The zero-field splitting sets a natural frequency scale in the few giga-
hertz regime, comfortably in the range of microwave signal generators and common analog
electronics components. These microwave drives can be delivered to the sample through
a variety of stripline and waveguide geometries, ranging from simple straight wires across
the sample surface to lithographically-defined coplanar waveguides. Different geometries
can offer advantages in terms of frequency bandwidth, the ratio of drive strength to ap-
plied microwave power, and ease of fabrication. In all cases, the By or By component of
the applied field (in the NV coordinate frame) drives corresponding spin rotations when it
is in resonance with allowed NV spin transitions. This makes it possible to observe Rabi
oscillations, demonstrating coherent quantum control and the ability to perform arbitrary
rotations around the z and y axes.

The most common measurement for NV centers is optically detected magnetic resonance
(ODMR). The optical readout of the NV center makes it easy to track the magnetic reso-

nances which correspond to the ground-state level splittings. In the simplest form of ODMR,
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an off-resonant readout laser continuously illuminates the NV while a CW microwave drive
is stepped in frequency. The NV emits steady PL until the microwaves reach resonance with
a ground-state transition. The increased population in the |+1) states leads to a dip in PL
which matches the line shape of the transition. A pulsed measurement, alternating between
laser readout and microwave 7 pulses, improves the contrast of the measurement and is used
when narrow frequency bandwidths are desired.

With calibration and compensation for pulse errors, microwave pulses have been demon-
strated with single qubit error rates as low as 5 X 107° [24], among the best achieved for any
qubit system. Following angular momentum selection rules, magnetic dipole transitions are
allowed between the |0) and |£1) states. While operations in the {|+1),|—1)} basis can be
mediated by the |0) state, it is also possible to directly couple the states via electric field or

strain interactions which are present, though more weakly allowed, in the Hamiltonian [25].

2.1.4 Interactions and Coherence Properties

While the ground state Hamiltonian of the NV center in Eq. describes the majority of NV
spin dynamics, there are additional contributions from fields and temperature dependences
which play a role in shaping experiments and determining coherence times. After all, despite
the NV’s relative isolation in the diamond band gap, it is still affected by its host crystal,
including distortions and vibrations in the lattice.

Strain and electric fields have similar effects on the level structure. Their combined

influences on the NV ground state are described by [23]

Hp strain =d) (B +02) [$2 = S(S +1)/3] +d 1 (Es +0,) |95 - 52| s

+dL(By+8y) [SeSy + 5,5

In this expression, E and § are the static electric and strain fields, respectively, at the NV

location. d” and d | are the coupling parameters with corresponding values of 17 Hz/V-cm
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and 0.35 Hz/V-cm, where strain is measured in effective electric field units. These terms
indicate that electric and strain fields aligned with the NV axis directly modify the zero-field
splitting, while the transverse fields create couplings between the |+1) states (anti-diagonal
components of the Hamiltonian). The magnitudes of the coupling terms are small, and
require fields of thousands of volts per centimeter to compare to a few milligauss of magnetic
field. These small couplings follow from the orbital symmetry, which prevent a first-order
electric dipole and require higher-order couplings to the excited state via spin-orbit and
spin-spin terms.

Temperature has relatively minor effects on the ground state level structure. Temperature
primarily affects the zero-field splitting Dgys, which has been fit to the Varshni equation or
similar polynomial relationships [26]. Dys decreases from 27 x 2.877 GHz at 0 K to 27 x 2.870
GHz at room temperature, where it locally varies with temperature at a rate of —74 kHz /K.
This dependence allows for temperature sensing, described in section [2.2.3]

Temperature plays a much larger role in populating the phonon modes which lead to
spin depolarization and decoherence. There are three phonon-mediated processes which
cause transitions between the spin sublevels. The direct process couples the levels with
a single phonon of appropriate symmetry, the Orbach process mediates spin flips through
two-phonon excitation to a higher-lying state, and the Raman process induces spin flips via
two-phonon excitation to a virtual state [27]. The Raman process is strongly temperature
dependent, proportional to 7° and T7 for the NV center, and dominates the depolarization
rate at room temperature. The NV center’s T} is approximately 7 ms at room temperature,
which can be viewed as short compared to some nuclear spin or trapped atom qubits, or
exceedingly long relative to most electron qubits in solid state environments, particularly
above cryogenic temperatures. This spin lifetime is largely consistent across different sample
environments and in ensembles up until high densities, where spin-spin interactions finally
exceed the thermal-phonon-driven depolarization. NV centers near surfaces (including in

nanodiamonds [28]) or in proximity to sources of high magnetic noise show reduced Ty
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times, but this effect can be leveraged as a sensing method (see section .

The NV center’s coherence times are often far shorter than the spin lifetime. A typical
single NV center in a natural Ila diamond might have coherence time T ~ 500 us and
dephasing time T35 ~ 2 ps. This indicates that for high-quality single NVs, while there are
relatively few processes which exchange energy with the NV, there are greater influences from
pure dephasing sources. In the Hamiltonian, dephasing is induced by uncontrolled effects
that alter a qubit’s level splitting, while coupling terms are responsible for reducing qubit
lifetimes. Several dephasing culprits have already been described: temperature, electric
field, and strain fluctuations all directly affect the zero-field splitting. These fluctuations
can be external, arising from natural variations in laboratory conditions, or internal to
the sample, such as the random redistribution of electrical charges residing on pervasive
impurities and crystal defects. However, these interactions are relatively small influences
compared to magnetic field fluctuations, which are the dominant source of decoherence for
most NV centers.

In most samples, the majority of decohering magnetic field noise comes from 3C spins
in the diamond lattice. Pure diamond is entirely carbon, which has two stable isotopes:
the spinless 12C with 98.9% natural abundance, and the spin—% 13 which makes up the
remaining 1.1% of carbon atoms. Even at this relatively low abundanceEL there are likely
to be thousands of nuclear spins within just a few nanometers of each NV center. The 13C
nucleus has a gyromagnetic ratio of 27 x 1.07 kHz/G, and so the aggregate effect of the spin
bath becomes significant due to the NV center’s strong interactions with magnetic fields. In
natural abundance samples, the fluctuating fields of the bath spins can reach several hun-
dred milligauss, setting a lower bound on the spin linewidth of a few hundred kilohertz and
limiting the corresponding dephasing time to under ten microseconds. Flip-flop interactions

between the electron and nuclear spins are suppressed by the energy differences and large

4. Compare against silicon, which has roughly 5% 29Si nuclear spin density, or III-V
materials with 100% nonzero nuclear spins.
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zero-field splitting, but dephasing alone is significant enough to pose the primary constraint
on coherence time. Because of the relatively slow quantum jumps of each individual nu-
clear spin, dynamical decoupling techniques are effective, leading to the orders of magnitude
improvement from T3 to T. It is unsurprising, then, that a large fraction of NV center
research has focused on strategies to mitigate the decohering influence of the nuclear spin
bath. While there are a wide range of control techniques that reduce the effect of the nu-
clear spins, including dynamical decoupling, decoherence-free subspaces, and bath driving,
the most robust approach is to remove the 13¢ spins altogether via isotopically purified
growth.

Isotopic purity is a unique and potent advantage of CVD growth over natural diamonds.
While 13C atoms are unavoidable for natural diamonds, CVD growth presents an opportu-
nity to grow new crystal with reduced abundance of 13C spins. CVD-grown diamond reflects
the isotope distribution of the precursor methane gas, so in principle diamond can be grown
with zero nuclear spins. Isotopic purities have reached 99.998%, driving down the nuclear
spin density by two orders of magnitude [29]. The resulting coherence times are impressive,
showing T35 exceeding 30 ps for ensembles [30] and 100 s for single NVs [31I]. With de-
coupling, the coherence time can be extended beyond a millisecond, approaching the room
temperature 77 time. These drastic improvements in coherence time show the current and
future importance of high-quality isotopically purified diamond for NV center experiments,
where long spin coherence is possible without any sophisticated decoupling.

In the limit of low nuclear spin density, weaker interactions become the dominant de-
phasing mechanism. Ongoing research continues to drive down the various sources of de-
coherence, with indications that defect charge stability is an important factor. By doping
diamond with phosphorous, dephasing times even reach 1.5 ms [29], the longest observed
in room-temperature solid state spins. As sample engineering advances, one goal will be to

push the coherence time to the ultimate limit imposed by the spin lifetime, 75 < 277 [27].
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2.1.5 Low-Temperature Properties

Remarkably, the properties described thus far have been for the NV center at room tem-
perature, and these generally improve at cryogenic temperatures. The excited state level
structure qualitatively changes below ~20 K, and so the cryogenic regime for NV center
experiments entails liquid helium cryostats; sub-kelvin temperatures are not required to
investigate most low-temperature NV center phenomena.

The NV’s ground state physics are largely unchanged at low temperatures. The zero-field
splitting becomes insensitive to temperature, although the electric field and strain interac-
tions remain. However, freezing out the thermal phonon bath increases the spin coherence
times significantly. Phonon-mediated spin relaxation becomes a far slower process than flip-
flops with bath spins [32], and so 77 is no longer a limiting factor. Without phonon-induced
depolarization, high-order dynamical decoupling can extend the coherence time to over a
second even in diamonds with natural abundance of 13C [33].

Thermal phonons play a major role in shaping the room-temperature excited state, and
its level structure can be fully resolved at low temperatures once the phonon bath is depleted.
As a spin triplet, orbital doublet, the excited state is comprised of six levels. At elevated
temperatures, thermal phonons average out the two orbitals, leaving an effective triplet
structure similar to the ground state [34]. At low temperatures, all six levels can be resolved.
Due to spin-orbit coupling, these levels are no longer eigenstates of S, and are instead labeled
according to their respective symmetry: {AQ,Al, E., Ey,El,EQ} [35]. In the absence of
electric fields or strain, |E;) and |Ej) are degenerate, as are |Ey) and |Ep). With the
application of transverse fields, the two orbitals split in energy, yielding upper (3E’m) and
lower (3Ey) branches. The three lower states exhibit several anticrossings, causing optical
spin flips when the transitions are excited. The three upper states are relatively unmixed
and serve as more efficient cycling transitions. Axial electric field or strain does not change
the relative level structure of the excited state, but does provide a Stark shift of the excited
state relative to the ground state — i.e., the optical transition frequency.
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Given the gigahertz scale of the spin-orbit and spin-spin interactions of the excited state,
the optical linewidths must be far smaller than at room temperature to optically resolve the
individual levels. This proves to be the case, as under cryogenic conditions the linewidths
approach the lifetime limit of ~ 13 MHz. Saturating this lower bound is not simply a matter
of cooling the sample, however. As a result of the electric-field-induced Stark shifts, the opti-
cal transition frequency will jump if electric charges near the NV are suddenly redistributed.
Crystal defects, such as nitrogen impurities or vacancy clusters, host weakly-bound electrons
that can be ionized when laser pulses are applied. Thus, when excitation lasers are applied to
the NV center, they may inadvertently mobilize a bath of electric charges that quickly settle
into local potential minima. This process causes spectral jumps and is termed “spectral
diffusion.” The magnitude of spectral diffusion depends on each NV’s local environment,
and can range from tens of megahertz for bulk NVs to over a gigahertz for NVs near surfaces
or nanostructures, where loosely-bound electric charges are plentiful. Reducing the effect of
spectral diffusion is an active area of research, in service of applications where stable, narrow
optical lines are important, such as quantum communication (section .

Along with the narrowing optical lines, the selection rules for resonant optical coupling
become nontrivial at low temperatures. The |As), |A1), |E1), and |Es) states have mg = +1
character and can couple to the |£1) ground states via absorbing or emitting circularly
polarized photons. The |E;) and |E,) states are m, = 0 states and couple to the |0) ground
state through linearly polarized photons. However, as noted above, transverse fields mix the
excited state spin character and allow optically driven spin flips to occur uncontrolled [35].
The joint mg = +1 character of states such as |As9) does create spin-photon entanglement
following spontaneous emission, which could be used in schemes to remotely distribute spin-
based entanglement, and creates a nearly closed A system for optical control of the ground
state spin (see chapter [3)).

For low-strain, low-spectral-diffusion NV centers, the relatively pure optical transitions

enable enhanced optical spin initialization and readout methods. A desired ground state can

41



be initialized with high fidelity by resonantly pumping optical transitions from the other two
ground states. Within a few microseconds, population in the unwanted ground states decays
via the ISC or optical spin flip to the desired state, exceeding 99% state preparation fidelity
[36]. Since the resonant excitation is spin-selective, this technique avoids repopulating the
unwanted states. Optical initialization works most efficiently for the |0) state, due to the
stronger ISC coupling of the mg = £1 excited states, but can be used to directly initialize
any of the three ground states.

Similarly, higher readout fidelity is possible when resonant, spin-selective optical transi-
tions are pumped instead of off-resonant excitation. In this method, the |E;) state is nearly
always chosen as the optical transition, since it is the best cycling transition. By driving only
this transition with a narrowline laser, near unity contrast between the |0) and |£1) states
is possible. As |E;) couples only weakly to the ISC or |+1) states, photons can be collected
until the spin finally flips or the defect ionizes. With sufficiently high collection efficiency;,
resonant readout can even enable single-shot readout, where the spin state is determined
in a single, non-destructive measurement [36]. Single-shot readout is the prerequisite for
a plethora of fundamental quantum physics experiments, as well as executing spin-photon
entanglement protocols to distribute entanglement remotely. These and other applications

will be covered in more detail in the next section.

2.2 NV Center Applications

The NV center exhibits a unique set of properties among the myriad qubit systems that are
subjects of research today. No other system combines a solid-state host, optical readout,
and long room-temperature coherence. While it has its own limitations, such as challenges
around deterministic placement and the difficulty of entangling multiple NV centers together,
a thriving set of applications has emerged from leveraging its strengths. These include as

small quantum simulators, for quantum sensors of a broad set of physical parameters, and
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as the basis for distributing remote, spin-spin entanglement over quantum networks.

2.2.1 Quantum Simulation

In many ways, the NV center is a model quantum system. It features a nearly ideal set of
triplet states: the level structure is highly tunable, from the MHz to the GHz regime, using
applied fields. In addition to long coherence times, NV centers exhibit rapid initialization
and spin manipulation, allowing tens of thousands of unitary operations to be applied before
the spin decoheres. A wide range of control is possible, originating from the combination
of microwave signal generator 1QQ modulation and rf striplines created via a full suite of
lithography techniques. The flexibility of the qubit system makes it a popular choice for
modeling single-qubit or few-spin dynamics.

The NV center is capable of implementing unitary evolution of any single-qubit Hamilto-
nian. The Hamiltonian of any two-level quantum system can be regarded as a pseudospin—%
system in an effective magnetic field [37]. This statement can be reversed: an actual spin
in a real magnetic field can model the dynamics of any two-level system. As a result, the
NV center is useful for exploring such diverse phenomena as topology in Hopf insulators [3§]
and the dynamics of qubits beyond the rotating wave approximation [39]. Demonstrations
have even extended beyond Hermitian evolution, encompassing PT-symmetric evolution [40]
and exceptional points [41] that result from dissipation in the system. Chapter |3 presents
several experiments which use the NV center as a model three-level system, demonstrating
superadiabatic spin dynamics and geometric unitary operations.

The NV center is also an excellent candidate to test central-spin models of quantum
systems, due to its optically accessible electron spin surrounded by a bath of dark nuclear and
electron spins. This model is one of the most-studied theoretical frameworks for decoherence,
and theoretical study works in a virtuous cycle with the NV center: NV experiments validate
theoretical models for decoherence, which in turn are refined and generate approaches to

mitigate decoherence in further NV experiments. Sample engineering presents a fruitful
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opportunity to test models across a wide range of parameters space. Diamond samples can
be doped with varying concentrations of several species of bath spins, including nitrogen
donors and 13C spins, that call for different theoretical treatments. Closely related is the
development of sophisticated dynamical decoupling sequences, which are relatively easy to
implement given the flexibility of NV center spin control. Numerous studies have explored
the relationship of the NV to its spin bath [42], the efficacy of dynamical decoupling, or both
[43].

Indisputably, the NV center is more challenging to arrange into large qubit networks
than some other popular qubit systems, but NV centers have still be used to demonstrate
important multi-qubit protocols. While coupling separate NV centers is difficult, each NV
may naturally have access to multiple long-lived nuclear spins via hyperfine interactions. The
intrinsic nitrogen nuclear spin provides a dependable two-qubit register, and strong coupling
to nearby 13C spins can provide a number of additional, well-resolved qubits. These accessible
and readily controllable qubit registers have enabled early demonstrations of the building
blocks of quantum error correction [44], quantum algorithms [45], and discrete time crystals
[46], among may others.

The use of NV centers as quantum simulators may wane as other platforms improve their
coherence times and scale to larger qubit registers. Undoubtedly, it will continue to be useful
demonstration system, but few-qubit simulations are easy for classical computers and re-
search will push toward larger systems with classically intractable dynamics. The breadth of
quantum simulation applications for NV centers may thus depend on the success of quantum
networking efforts for NV centers. Remote entanglement efforts for quantum communication
applications could dovetail with larger NV-based quantum simulators. There are still efforts
to develop on-chip NV center networks at room temperature [47], and while conceptual and
engineering hurdles stand in the way, the payoff of a successful room-temperature, solid-state

quantum network would be tremendous for all prospective quantum applications.
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2.2.2 Quantum Communication

Fortunately, the NV center is also leading candidate for quantum communication and quan-
tum networking. Protocols for creating distributed quantum networks require traveling
qubits (all but mandating the use of optical photons) to interface with long-lived memory
qubits at repeater or end nodes. Most qubit systems lack one or both of these character-
istics, but both aspects are natural for NV centers — spin-dependent photoemission ferries
entanglement between spatially separated spins, and entangled electron spin states can be
stored in proximal nuclear spin memories. In recent years, NV-based entanglement testbeds
have achieved major milestones in developing quantum networks and repeaters. NV center
spins have been entangled via intermediary photon interference [48] in two- and three-node
networks [49] at laboratory scalesﬂ These demonstrations represent rapid progress toward
metropolitan-scale quantum networks, but even using the natural suitability of the NV cen-
ter for remote entanglement, a number of physics and engineering challenges must be solved
to increase the distance, rate, and fidelity of the transmitted entanglement.

Quantum repeaters will be essential for distributing entanglement beyond ~ 100 km
through fiber optics. As a single photon’s state cannot be copied or amplified, the expo-
nentially increasing losses with distance in an optical fiber eventually make direct photon
transmission unfeasible. A quantum repeater (designated point C) would operate between
a sender (A) and receiver (B), and create entanglement separately between each endpoint.
The repeater would then swap the entanglement from A-C and B-C to A-B via unitary op-
erations, entangling the endpoints while only having to create entanglement across half the
distance. Nested sets of repeaters could bring an arbitrary distance down to a manageable
one. In addition, repeaters will take multiple copies of imperfect entanglement and combine

them to generate a higher-fidelity entangled state, in a process called “entanglement distil-

5. Along the way, researchers have also used remote entanglement of NV centers to demon-
strate a loophole-free violation of Bell’s inequality, thus proving that local, entanglement-free
classical theories of physics are inadequate to describe the physical world [50].
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lation.” Entanglement distillation [16] and entanglement swapping [49] have now both been
demonstrated using NV centers, as key steps in a fully functioning quantum repeater. The
resulting entanglement fidelities are high enough to demonstrate violations of Bell’s inequal-
ity, but must still be improved before they are viable as quantum network nodes. To that
end, current research seeks to improve on the photon-collection interface for single emitters,
which limits the rate of entanglement generation and the fidelity of the heralding process.
While there are several protocols to create remote NV-NV entanglement, a typical exam-
ple (drawn from Ref. [49]) will illustrate both how most protocols function and how photon
collection efficiency assists with entanglement generation. Two NV centers in separate chips
are arranged so that their collection paths are the two inputs to a beamsplitter, with a
single-photon counter at each output. The samples are cooled to low temperature to address
the individual optical transitions, and a readout laser is tuned to the |0) <+ |Ey) transition

of each NV. Both ground states are prepared in the superposition

o) = Va|0) + V1 —al-1),

and a readout pulse is applied to each NV, which ideally triggers a photon if the spin is
in the |0) state. This creates entanglement between each spin and the presence or absence
of a photon. The photon modes interfere on the beamsplitter, erasing the which-path in-
formation, so if a single detector click is measured, the spins are likely to be in the joint

state
1

V2

Here, 6 is the phase difference of the two optical paths, and the 4 sign corresponds to which

[y ) = <|0, 1) £t \—1,0)) .

of the two detectors clicked. This protocol creates entangled states with a maximum fidelity
of 1 — «, due to the possibility of creating the |0,0) state, which also triggers one detector
click. The entangled states are generated at a rate oc ap, where p is the probability of

collecting a photon emitted by an NV. Thus, if photon collection efficiency is low, o may
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need to be increased to create an appreciable entanglement rate, at the cost of lowered
fidelity. Improvements to photon collection efficiency benefit both fidelity and entanglement
rate in this and other entanglement protocols.

One of the more popular approaches to improve photon collection and readout fidelity
is through a photonic cavity. A photonic cavity consists of two reflective interfaces which
create constructive and destructive interference for interior photonic modes. The cavity is
constructed to strongly enhance a target mode or modes, and a point emitter can be posi-
tioned to couple to the resonant modes. In the regime of weak coupling between cavity and
emitter, an overlap between the emitter’s spectrum and the cavity’s resonant modes pro-
duces a Purcell enhancement of the emitter. This increases the number of emitted photons
in the resonant modes and correspondingly decreases the optical lifetime. For an isotropic,
spectrally broad emitter like the NV center, Purcell enhancement of the ZPL has two ben-
eficial consequences: it increases the fraction of NV center emission in the ZPL relative to
the phonon sideband, resulting in more photons useful for entanglement; and it directs more
of the emission into spatial modes in the collection path, as opposed to being trapped in the
diamond sample, so fewer photons are lost. Photonic cavities thus purport to address two of
the major challenges in NV-NV remote entanglement. However, fabricating such cavities in
diamond is difficult due to the limited repertoire of nanoscale fabrication techniques which
are effective in the material. With persistence, photonic crystals have successfully been cre-
ated in diamond membranes [51], but this leads to two integration challenges: positioning an
NV center at the point of maximal coupling to the cavity and ensuring its spin and optical
properties remain stable. NV centers are not yet deterministically formed with nanometer
precision, so the cavities must either be formed around pre-selected defects or a large number
of devices must be created in the hopes of probabilistic success [52]. Due to its permanent
excited-state electric dipole, NV centers are often optically unstable when in proximity to
diamond surfaces. This restricts the space of suitable designs, but some encouraging progress

has been made by fabricating external cavities around diamond membranes [53]. Ongoing
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research continues to pursue an efficient photonic interface for single NV centers with reliable
fabrication yields.

Frequency conversion is a final factor in the development of NV-based quantum networks.
Modern fiber optics have the best transmission around 1550 nm, but coherent NV photons
are emitted at 637 nm, where attenuation is much higher. In the interest of squeezing the
most out of every photon, it may be more efficient to convert NV emission into the telecom
band, through a process called spontaneous four-wave mixing. This technique involves su-
perimposing the ZPL photons on an infrared pump laser in a nonlinear crystal, where the
beams are converted into sum and difference outputs. The difference of the photon energies
is chosen to be at the desired telecom wavelength. If the conversion efficiency between 637
nm and ~1550 nm wavelengths can be improved sufficiently, better entanglement generation
rates can be achieved by frequency conversion than by transmitting visible photons directly.

While NV centers are well-suited for quantum communication applications in general,
they may also develop into an excellent platform for distributed sensing. The combination
of remote entanglement suitability and sensing prowess is a rare one, but the NV center boasts
both. However, it will remain to be seen if cryogenic temperatures, which are sub-optimal
for many sensing applications, will always be required for NV-NV remote entanglement, or

if a reliable room-temperature protocol can be developed.

2.2.3 Quantum Sensing

At the present moment, the NV center’s primary application is in quantum sensing. Once
again, its properties are favorable to the task at hand: long coherence times that lead to
high sensitivities, atomic scale which facilitates high resolution measurements, and room
temperature operation that allows it to be deployed on the widest possible range of sensing
scenarios. Since sensing applications include addressing research problems on the laboratory
scale, it has been relatively easy to find use cases for NV-based sensors. Many sensing

demonstrations have been published, covering a broad swath of experimental parameters and
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sensor designs, and many patents have emerged from the mix. Small companies are already
producing NV-based research instruments, and while it remains to be seen if any products
will see commercial success beyond the research community, several good candidates exist.

The NV sensing paradigm is generally based around measuring shifts in two or more of the
ground state levels. A typical example might set a baseline qubit frequency and then monitor
its shifts up or down to track an external variable of interest. This approach is valid for a
wide range of parameters, including electric field, strain, temperature, and magnetic fields,
since they all enter into the NV Hamiltonian directly. First, a reference point is taken, with
the NV levels under initial environmental conditions. Then, any changes in level splitting
can be correlated to changes in the environment. For example, at room temperature, the
zero-field splitting changes at a rate of —74 kHz/K. A shift of —350 kHz in the |0) <> |—1)
transition thus indicates a 4.7 K increase in temperature.

It can be a downside that so many parameters affect the NV levels, as it creates potentially
confounding influences. Electric field and strain have very similar effects, but fortunately are
rarely varying simultaneously. When examining the {|0) ,|—1)} qubit, it may not be obvious
if the qubit energy is changing due to magnetic field, temperature, or a mix of parameters.
In this case, knowing both the |0) <+ |—1) and |0) <> |+1) transition energies allows the
different influences to be separated.

While the NV can potentially measure anything that influences its Hamiltonian, it is
most often used for magnetic fields. Under most conditions, the NV center is far more
sensitive to magnetic phenomena than any other effects — in fact, it is among the most
sensitive magnetometers yet designed [54]. Because the B, and By 4 field components create
different NV level shifts, some magnetometer designs take advantage of the four possible NV
orientations to perform full vector magnetometry, measuring up to eight distinct transitions
that allow the vector magnetic field to be reconstructed [55]. Of course, this requires NV
ensembles, and opens the possibility of performing wide-field imaging. In this mode, due

to the high PL of an NV ensemble, the typical single-photon counter can be replaced with
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a CCD camera. In addition, instead of focusing the laser excitation to a single point, a
high-power beam is expanded to illuminate the whole sample. This arrangement allows NV
centers across the entire sample to be measured simultaneously, providing a snapshot of an
entire magnetic field distribution. This concept is in development to produce what should
be, at the very least, a powerful research instrument: the quantum diamond microscope [56].

To compare different approaches to sensing, a standard metric is the sensor’s sensitivity.
Sensitivities are expressed in units of the parameter per vHz (e.g. T/v/Hz), and are often
interpreted as the smallest signal which can be measured in 1 s. When comparing two sen-
sors, a smaller sensitivity indicates a better sensor, with the ability to resolve an equivalent
signal in a shorter amount of time. The v/Hz factor also gives a correct intuition for how
measurements improve with time — in order to improve the signal-to-noise ratio of a mea-
surement by a factor of two, the measurement must be integrated four times as lonﬂ. One
of the key advantages of quantum-enhanced sensors (ones which leverage entanglement or
other uniquely quantum effects) is that they may be able to surpass this usual limit, reaching
a scaling of 1/T instead of 1/v/T [21].

Sensitivities of quantum devices have an important relationship with the coherence time
of their constituent levels or qubit states. Of course, if a signal is proportional to the coher-
ence of a qubit, no signal will be acquired if the qubit decoheres due to a long measurement
protocol. On the other hand, increasing the measurement time benefits the sensitivity. There
is an optimal balance point between coherence and sensitivity, which corresponds to mea-
suring the qubit at approximately its coherence time, 75. When measured at this point,
sensitivity is oc 1/ \/T—Q* [21]. Thus, an important dimension of improving quantum sensor
performance is extending the coherence time of the sensor qubits or energy levels.

ODMR provides a straightforward means to measure dc or quasi-static influences on the

NV, but more sophisticated protocols enable the detection of ac fields all the way up to the

6. Equivalently, four successive measurements of the original duration can be averaged
together. This reflects the assumption of a time-invariant measurement, where measurement
precision scales as 1/v/ NT for N measurements that each take T time.

20



gigahertz regime [21]. In a Ramsey measurement, a resonant /2 pulse on, for example, the
|0) «» |—1) transition initializes the spin state into a superposition. Next, a signal which
creates a static detuning or a slow-varying modulation is applied to the qubit, causing its spin
state to precess on the Bloch sphere equator. After some time 7', the spin state is measured,
and the phase it acquired is interpreted based on the sensing mode. For example, if a B, field
was applied, the phase is rescaled by the gyromagnetic ratio of v, = 2w x 2.8 MHz/G; if it was
an E field, by the coupling of dj = 27x0.35 kHz/(V/cm). Ramsey measurements are limited
by the dephasing time T3, similar to the ODMR limit, which has a maximum resolution equal
to the transition linewidth of I" oc 1/T5. Ramsey measurements can detect multiple sub-
ensembles with differing static detunings, however, such as the equally populated nitrogen
nuclear spin hyperfine sublevels that are each detuned by 2 MHz. While they are optimal
for static detunings, Ramsey measurements can resolve ac effects up to 3w/ T2* ,or <1 MHz
for most NV centers [57].

At high frequencies, an oscillating signal will tend to average to zero during a dc measure-
ment. Fortunately, spin echo techniques effectively rectify a synchronized signal, enabling
more sensitive measurement approaches. The simplest spin echo sequence places a microwave
7 pulse in the center of a Ramsey measurement, simultaneously “refocusing” any dephasing
on the spin superposition and inverting its evolution relative to an ac signal. As an example,
consider a sinusoidal signal of frequency 27/T, such that it completes one full oscillation
during a Ramsey measurement. The integrated signal is zero, but if a spin echo occurs at
t = T/2, the second half of the signal adds instead of subtracting from the accumulated
phase. To detect higher frequencies, more spin echoes can be added over the same duration
T such that the pulse spacing 7 = 7m/w. The upper bound of this technique is set by how
short the microwave 7w pulses can be made, and is currently ~ 100 MHz for NV centers.
Chapter [4] presents a demonstration of adapting this technique to detect ac photocurrents
in 2D materials.

To measure signals in the gigahertz frequency range, the measurement technique actually
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becomes more simple, not more complicated. Suppose the signal of interest is magnetic noise
emanating from a ferromagnet. A qubit formed from two NV levels is tuned (via static
external field) to the target frequency. The noise spectral density is known to be directly
related to the transition rate between resonant, magnetically coupled energy levels like in
the NV [58]. Since transitions out of the |0) state dim the NV’s PL, a measurement of
the relevant noise can be made just by applying constant laser excitation and monitoring
the brightness relative to the absence of magnetic noise. This technique is known as T}
relaxometry, and provides a simple method to investigate noise without microwave control.

Before concluding this overview of the NV center, it is worth highlighting a few intriguing
applications of NV sensing presently under study. These examples illustrate the breadth of
NV center sensing utility and how the properties of diamond-based single spins can be

leveraged for creative measurement techniques.

e NV centers have been implanted into diamond anvil cells, which are used for applying
pressures beyond 101 Pa to samples. Remarkably, the NV centers still operate up
to these very high pressures, and can be used to make localized magnetic measure-
ments of samples under pressure [59]. This is otherwise impossible, given the extreme
on any probes in the volume and the bulky surrounding apparatus. This research
thread represents the convenient integration of nitrogen-vacancy centers with existing

diamond-based devices.

e Fiber magnetometry seeks to develop NV centers into a miniaturized, portable probe by
leveraging the NV’s optical readout properties. Nanodiamonds containing NV centers
are affixed to the end of an optical fiber, which is used both to deliver laser excitation

and collect PL [60].

e NV centers can be incorporated into custom-fabricated, diamond scanning probe tips.
These tips, with widths of a few tens of nanometers, contain single NV centers that

can be rastered across a sample surface using the scanning probe piezoelectric con-
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trollers [61]. The close proximity of the NV and the nanoscale precision of scan-probe
positioners allow for magnetic mapping of samples with nanometer resolution. This
application best leverages the atomic scale of the NV center to outperform comparable

magnetometry techniques.

Sensing applied to biological samples (“biosensing”) is an entire application field unto
itself. Once again, the NV’s unique properties open avenues for novel research. Made
entirely of carbon, diamond is non-toxic to organisms and chemically inert. The NV
center’s optical interface and room temperature coherence are well-matched for biolog-
ical sample conditions. A primary goal is developing nanodiamonds containing stable,
long-coherence NVs for use measuring at the cellular level [62]. Already, demonstra-
tions have shown that temperature can be measured inside a living cell [63]. Alter-
natively, nanodiamond surfaces could be functionalized and used as biomarkers with

excellent photostability [64].

Taking a slightly different tack, NVs can be used indirectly in NMR measurements as
a source of polarization. Whereas most NMR measurements must rely on weak statis-
tical polarization of target nuclear species, even at very high magnetic fields, the NV
center can be rapidly polarized with laser excitation, and this polarization transferred
to target spin populations to enhance contrast. While approaches to distribute this
enhanced polarization throughout a macroscopic target sample are still in development
[65], proof-of-principle demonstrations have shown orders of magnitude improvement

in 13C NMR signal relative to its normal signature in diamond [66].

The measurement protocols and NV center applications presented here are merely an

overview of the rich world of NV quantum sensing. As a result of its exceptional stability and

long coherence under a broad set of experimental conditions, its sensitivity to many physical

quantities of interest, and the convenience of optical initialization and readout, the NV center

has found plentiful opportunities to advance cutting-edge research. These applications will
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only become more prevalent as material quality improves, as diamond fabrication techniques
mature, and as quantum sensing protocols develop. In the future, the NV center may be a
leading candidate to demonstrate some of the more exotic quantum sensing phenomena in a
solid state probe, including squeezed-state sensing and distributed, entangled sensors. These
breakthrough applications would only serve to accelerate the adoption of NV center sensors
in many corners of the quantum research field and bolster their prospects for commercial

deployment.
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Chapter 3

All-Optical Single-Qubit Control

This chapter and figures are adapted from work published in references [1] and [Z].

On the whole, microwave control of the NV center spin is more widespread than op-
tical control. Microwaves are more simple to generate and apply evenly to a sample, the
NV responds similarly at room and low temperatures, and the energy level splittings are
high enough to make the rotating wave approximation (RWA) very good under most con-
ditions. However, optical control can provide a number of advantages to low-temperature
NV configurations. The optical spot localization is far superior, due to optical wavelengths
under one micron and the simplicity of focusing optics, compared to microwave wavelengths
greater than centimeters. This is advantageous when trying to independently address mul-
tiple defects in the same diamond sample — microwaves will produce far more crosstalk. In
addition, the strong optical dipole and diffraction-limited focusing allow optical control to
perform spin operations with far lower power input, which can be especially advantageous
at low temperatures if thermal load to the sample is a concern. Furthermore, the greater
energy difference of the optical regime has several beneficial effects. While the upper lim-
its of microwave driving do cause significant deviations from the RWA [39], the > 10! Hz
optical transitions make the RWA as exact as can reasonably be achieved in experimental

settings. This enables driving with rates limited only by the control electronics, not by
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optical bandwidths or RWA constraints.

This chapter presents two developments in the state of the art in optical control of the NV
center spin. In section [3.2] pulse modulation of an adiabatic state transfer technique is used
to coherently exchange population between the |+1) ground states of a single NV center. In
section [3.3], control over nanosecond-scale resonant optical pulses allows a complete set of
geometric single-qubit unitary operations to be implemented. Both of these demonstrations

utilize the same low-temperature lambda (A) system of the NV center.

3.1 Lambda Systems

A lambda (A) system refers to a generic three-level quantum system in which two ground
states are both coupled to the same excited state, and without a direct coupling between
them. This level arrangement is widely found in physical systems ranging from trapped atoms
and single molecules to superconducting qubits and optomechanics. A systems enable a well-
studied set of interesting phenomena that are not available to two-level systems, including
electromagnetically-induced transparency, coherent population trapping, and adiabatic dark
state evolution (the STIRAP protocol, section [3.1.1). Implementing A systems in the NV
center has previously led to demonstrations of geometric phases [67] and coherent population
trapping [68], among others.

As described in section [2.1.5] there are multiple combinations of NV ground and excited
states that can be treated as a A system. Depending on the applied electric, strain, and
magnetic fields, many of the excited states couple to two or even all three of the ground
states, to varying degrees. In ref. [6§], the excited state was magnetically tuned to an
anticrossing of the ‘Ey> and |Eq) states. At this anticrossing, either excited state couples
to the |0) and |—1) ground states, which form the A system used to demonstrate coherent
population trapping.

For all the experiments to follow, the A system is constructed from the |Ag) excited
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Figure 3.1: A low-temperature A system of the NV center. (a) The |+1) ground states
couple through strong optical transitions to the |Ag) state, forming the desired A system.
The direct transition |—1) <> |+1) is magnetically forbidden. At low temperature, the | As)
level has a weak rate of nonradiative intersystem crossing transitions, and at low strain and
applied fields, the decay rate to the |0) state is much less than the |£1) states. Under
these conditions, the A system is nearly ideal. (b) The STIRAP protocol, which coherently
transfers a quantum state between two levels in a A system, involves adiabatically turning
on the laser addressing one transition (blue) while turning off the laser addressing the other
(red).

state and the |£1) ground states. Unlike the |E172> states, the |Ag) state has relatively
weak coupling to the ISC despite its |[£1) character [69]. It also has a relatively weak decay
pathway to the |0) state, which makes this subspace a nearly ideal A system. The level

structure is shown in Fig. [B.Th.

3.1.1 STIRAP

One of the most widely-used A-system techniques is stimulated Raman adiabatic passage,
or STIRAP [70]. This technique mediates population transfer between the two ground
states without occupying the intermediate excited state. STIRAP achieves this through a
counterintuitive ordering of two driving fields. Suppose the system is initialized in the |—1)
state of the NV A system (Fig. |3.1a). The field which couples the initial and excited states is
referred to as the pump pulse, with intensity {2p, and the field coupling the final and excited

states is the Stokes pulse, with intensity {2g. In a dynamic state transfer, a 7 pulse with Qp
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would excite the population to the intermediate level, and a second 7 pulse with Qg would
complete the transfer. In STIRAP, the Qg drive is turned on first, despite there being no
population in the destination state. (g is slowly extinguished while (2p is ramped on, until
the population transfer is fully complete (Fig. ) The key property of STIRAP is that
the system will never occupy the intermediate state during this transfer. This property is
advantageous if the intermediate state should be avoided, such as if it is dissipative in some
manner. While this transfer protocol sounds unusual, it is successful due to the evolution of
the dark state in the Hamiltonian.

A “dark state” of a Hamiltonian is a useful property which is also responsible for coherent
population trapping. In the rotating frame of the {|—1),|+1),|A2)} basis, the interaction

Hamiltonian is [70]

0 0 QOp(t)
0 28 Qg(t)ei?s (3.1)
Qp(t) QS(t)Q*WS 2A

In this expression, A and § are the one- and two-photon detunings (indicated graphically
in Fig. [.1)), while ¢g is the phase offset between the pump and Stokes drive fields. This
Hamiltonian has three eigenstates, two of which include components of |A9) — in other words,

they are “bright” states, because |Ag) emits PL. The third eigenstate is

|D(t)) = cos9(t) |—1) — sind(t) [+1),
Qp(t) (3:2)

tan¥(t) = QD)

|D) is referred to as the “dark” state, since it has no overlap with the excited state. When
expressed in terms of the two drive fields, the purpose of the pulse ordering becomes clear.
Initially, with Qp = 0, the dark state is the same as the initial state, |—1). At the end,

with Qp reaching a maximum and Qg — 0, the dark state is the target state, |+1). In
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between, if the drives are changed smoothly, there exists a continuous path in the Hilbert
space connecting |—1) and |+1). According to the adiabatic theorem, if the parameters are
changed slowly enough, the system will stay in the initial eigenstate, even as the character of
that eigenstate evolves from |—1) to |+1). In quantitative terms, the condition for adiabatic

evolution is
251 (1) - 2p(1)05(1)
Q) | (33)

Q) > ‘19(1&)‘ _

where Q(t \/Qp )2+ Qg(t)2.

If the adiabatic condition is approximately satisfied, a system which starts in the dark
state will end in the dark state, and the parameters must only be chosen to make the initial
state a dark state. This achieves the goal of never entering the intermediate state, and
avoids the losses which would ensue. In the NV center A system, if |Ag) is never populated,
losses due to spontaneous emission will not occur. Radiative loss is one of the principal
nonidealities in NV A system experiments. Section describes experiments designed to

avoid it, and it is the primary source of error for the experiments in section [3.3]

3.2 Superadiabatic Transitionless Driving

Adiabatic evolution is a common tool in quantum simulation experiments [71], geometric
quantum computation [67], and quantum annealing [72]. As a result of the slow evolution
required by the adiabatic condition, adiabatic protocols are robust against experimental
imperfections like errors in drive strength. On the other hand, slow operations are vulnerable
to decoherence. A paradigm termed “shortcuts to adiabaticity” (STA) aims to reproduce
the results of adiabatic evolution in a shorter time frame, while still preserving the error-
robust characteristics [73]. This section describes the results of one such STA applied to
the STIRAP technique. The STA, termed “superadiabatic transitionless driving” (SATD),
achieves similar transfer efficiencies to STIRAP in less time. The novel protocol is robust

against dissipation and can be used in systems where losses are a significant factor.
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Figure 3.2: Concept of superadiabatic evolution. The initial state |¥;) and target state
}\P f> lie within the system’s full Hilbert space, H. These two states are connected via an
ideal adiabatic evolution (dashed line), but the constraints of finite evolution time introduce
errors in the evolution that deviate from ideal (blue line) and result in the system reaching
an excited state, |¢). The superadiabatic shortcut (red line) is calculated by incorporating a
finite evolution time, and reproduces the desired final and initial states via a different path in
‘H. For any evolution, dissipation (black lines) creates loss of fidelity by incoherently taking
the system to a different point in H.

3.2.1 Adiabatic and Superadiabatic Control

Adiabatic evolution is a useful tool for controlling quantum systems. However, the adiabatic
theorem, on which the evolution is based, is only ever approximately satisfied. Real experi-
mental systems can never fully implement an adiabatic evolution, and it is rarely expedient
to use long evolution times. To attempt an adiabatic evolution, the infinite-time evolution is
truncated to an experimentally feasible time. This truncating step introduces some level of
nonadiabatic evolution. Especially in systems where decoherence is nontrivial on adiabatic
timescales, there is a need to design ways for systems to evolve such that the adiabatic results
are reproduced with tighter time constraints.

STA is a class of protocols that does manage to fulfill both constraints. By introducing
tailored control fields, the exact dynamics of a real, partly-adiabatic system can match a fully
adiabatic evolution. One of the more straightforward STA techniques is known as “counter-
diabatic” or “transitionless” driving, in which modified or additional control fields precisely

cancel the nonadiabatic components in an approximately-adiabatic evolution [74] [75]. As a
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general strategy, counter-diabatic driving has proven effective at accelerating state transfer
in two-level systems [76, [77] and in speeding up the manipulation of trapped atoms [78| [79].
However, the implementation of counter-diabatic driving may be complex, especially for
higher-dimensional systems. There is no guarantee that the counter-diabatic variation of an
adiabatic process will use the original set of control fields and level couplings. In particular,
for STIRAP, the counter-diabatic evolution requires a coupling directly between the initial
and final states [74]. This coupling is not typically present in STIRAP, and indeed is not
assumed to exist in the most general form of a A system. Thus, other STA methods are
required to accelerate the operation of STIRAP.

Superadiabatic transitionless driving, or SATD, has been developed to fill this need [80].
SATD introduces a dressed state basis that matches the initial and final conditions of an
adiabatic evolution, but not necessarily at intermediate times. This concept is illustrated in
Fig. 3.2 which shows a set of possible trajectories in the Hilbert space H. The adiabatic
path smoothly connects the initial and final states. As the speed of the traversal increases,
the trajectory shifts, eventually resembling the non-adiabatic path, which reaches a different
final state due to errors. In a counter-diabatic evolution, additional control fields allow the
system to exactly reproduce the adiabatic path, but with shorter evolution times. And
finally, the superadiabatic shortcut connects the correct initial and final states, but may
trace a different path through H to do so. This superadiabatic path follows a “dressed dark
state” that maintains many of the same qualities of the dark state in the adiabatic evolution.

The SATD pulses are formulated as corrections to the original adiabatic pulses. Experi-

mentally, STIRAP must be implemented in a finite time L, with uncorrected pulses

Qg(t) = Qeos (4(1)),

Op(t) = Qsin (1)),
T 1 (3.4)
0t) = 21 1 o v(t=Lj2)’
2 us 1
v(L,e) = Zlog (§sm_—1(e) - 1) :
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Figure 3.3: Superadiabatic STIRAP pulse shapes. The analytical variations on the STIRAP
Stokes pulse (Qg(t)) are shown for both superadiabatic transitionless driving (SATD, a)
and a variant which reduces excited state occupation (MOD-SATD, b). For a given pulse
duration, Agpqpe — 00 reduces to the original adiabatic protocol. At Agpqpe = 1, the
correction is the maximum which can be implemented without exceeding the original drive
strength. In both cases, the pump pulse (2p) is equal to the time-reversed Stokes pulse.

This description introduces several parameters. v determines the rate of the sweep, and €
accounts for the inevitable truncating of the pulses (since infinite time is required in the
adiabatic ideal) by setting Qp(0) = Qg(L) = €- Q. These definitions maintain a constant
Q) over the duration of the pulse. In addition, note that the adiabaticity condition for these
pulse shapes, given by Eq. , is simply 2 > ‘H(t)

given L improves the adiabatic approximation.

, and increasing the optical power for a

With the adiabatic pulses established, the superadiabatic pulses can be calculated ac-

cording to the procedure of ref. [80]. These are

~4Qsin (6(£))6(t)
02 + 40(t)2
)

QTP (1) = Qcos (A(1))

, (3.5)
4Q cos (0(t))0(t)

02 + 46(t)2

Q%ATD(t) = Qsin (0(t)) +

In order to compare the performance of adiabatic and corrected pulses, the amplitude of the

corrected pulses should not exceed the adiabatic pulses; that is, QEATD , Q%ATD < Q for all
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t. Otherwise, SATD could have access to more adiabatic regimes simply by increasing the
pulse power. When this condition is enforced, a minimum optical power emerges for a given

pulse length:

SATD v

This constraint is used to define a dimensionless adiabaticity parameter €2/ Q%‘?TLT D1t will
be referenced in two cases. First, when deriving theoretical pulse shapes for an intended

QSATD'

drive strength, it will be called the shape parameter Agpqpe = Qgpape/ 2050 Second,

for describing the experimental conditions, it will be called the experimental adiabaticity

A= Qezp/ Q%;lg D The family of SATD curves is shown in Fig. , ranging from maximum
to minimum correction at the corresponding shape parameter. As A — oo, the evolution
becomes fully adiabatic, the correction vanishes, and the original adiabatic pulse shapes
are recovered. Alternatively, as A — 1, the correction reaches its maximum for constant €.
Different pulse shapes (Agpqpe) can be implemented at the same optical power (A), although
a priori it would seem that optimal performance should be achieved for Agpqpe = A.
Unlike the adiabatic ideal, the SATD evolution deliberately introduces some excited state
population in order to accelerate the evolution. This exposes the system to the losses of the
excited state. A variation of SATD, termed MOD-SATD, can be derived by reducing the
contribution of the excited state to the dressed dark state. The corresponding family of pulse
shapes is shown in Fig. [3.3b. Both SATD and MOD-SATD are implemented in the NV A
system, with results described in the following sections. The derivations of both SATD and

MOD-SATD pulse shapes are presented in Appendix [A]

3.2.2 Experimental Setup

These experiments are performed on a single NV center in a commercial, CVD-grown di-
amond sample obtained from Element Six. The diamond is (100)-oriented, with the se-

lected NV center axis at a 54.7° angle to the surface normal. The sample is mounted in
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Figure 3.4: Experimental hardware setup. A single NV center in a diamond chip is held at
5.5 K in a cryostat with optical access. A 532-nm (Initialize) and two 637-nm (Readout,
Interact) lasers are integrated into the optical path using dichroic mirrors (DC), and phonon-
assisted NV emission in the 650-800 nm band is collected into a fiber leading into an avalanche
photodiode (APD). Phase- (PEOM) and amplitude- (AEOM) electro-optic modulators split
the interaction laser into coherent sidebands to address both A-system transitions. The
AEOM is driven by a 10-GHz arbitrary waveform generator (AWG), and a second AWG
performs IQ modulation on a pair of signal generators (SG) which drive the PEOM and
perform resonant spin manipulations on the NV center via on-chip waveguides.

a closed-cycle cryostat manufactured by Montana Instruments, which maintains a stable
base temperature of 5.5 K. An external permanent magnet splits the |—-1) and |+1) levels
by 27x1.414 GHz. Multiple optical and microwave control fields are applied, as indicated
in Fig. (3.4 Two microwave signal generators (SRS SG396, “SG”) output at the ground
state transition frequencies of 2rx2.171 GHz and 27 x3.585 GHz, and are directed to the
sample through coplanar waveguides. A 532-nm laser initializes the charge state and polar-
izes into the |0) state with >90% fidelity. Two tunable 637 nm lasers are calibrated to the
|—1) <> |A2) and |0) <> |Ey) transitions for A system interactions and resonant readout,
respectively. Their wavelengths are stabilized by a High Finesse WS6-200 wavemeter. In
order to address both transitions of the A system, the interaction laser is passed through a
phase electro-optic modulator (Jenoptik PM 635, “PEOM”) that can modulate the phase
of the optical waveform. The difference frequency of the two microwave drives, equal to the
splitting between the |£1) levels, is applied to the PEOM. This periodic modulation induces

harmonic sidebands on the laser beam, such that the 0th and 15 harmonics simultaneously
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address the two branches of the A system. The overall amplitude of the lasers, €2, is an
important parameter, and is precisely controlled by a second, amplitude-EOM (Jenoptik
AM 635, “AEOM”). Both phase and amplitude modulations are controlled by a fast 10-GHz
arbitrary waveform generator (Tektronix 7102, “AWG”). A secondary, synchronized 1-GHz
AWG (Tektronix 5014C) operates the acousto-optic modulators and rf switches that imple-
ment slower gating of the three lasers and ground-state microwave pulses. This AWG is also
responsible for triggering the photon-counting logic switches which bin collected photons
into useful data output categories.

Optical measurements of the NV center are performed through a custom-built confocal
microscope setup. PL is collected through a 100X objective with a numerical aperture of
0.9. This objective, with a working distance of 1 mm, is held at room temperature inside
the cryostat by a cryo-optic heater, which provides a long thermal lag between the objective
and the cryostat platform. The optical path contains 550 nm and 650 nm dichroic elements
that integrate the green and red lasers; the red lasers are combined on a non-polarizing
beamsplitter before entering the main path. Half-waveplates in each of the laser source
paths allow for independently adjustable linear polarization. Long-pass (647 nm) and short-
pass (830 nm) filters attenuate any scattered laser light prior to the collected PL entering
the single-photon counting module (PerkinElmer SPCM-AQR-16), which has a maximum
detection efficiency of 70% at 700 nm and fewer than 50 dark counts per second. To steer
the excitation beams, a fast steering mirror (Newport FSM 300-01) is placed at the 4 f point
of the two confocal lenses. This arrangement allows the input angle of the excitation lasers
at the back aperture of the objective to be smoothly varied without changing their lateral
positioning, which in turn allows rastering of the laser focal point in the sample plane.

Several calibration and characterization measurements are required before implementing
SATD. By taking repeated scans of the |Ex) line, spectral diffusion of o ~ 2m x (31 4 6)
MHz is measured. A wide scan of the excited state transitions indicates that |Fx) and

|Ey ) are separated by 3.4 GHz, corresponding to a low transverse strain of 27w x 1.7 GHz.
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Figure 3.5: Optical Rabi oscillations on a single NV center. A 100-ns laser pulse is applied,
resonant with the |—1) < |Ao) transition. Photoluminescence (PL) collected during the
pulse measures the excited state population, and reveals decaying, coherent oscillations. A
fit to the decaying oscillations yields the Rabi frequency 2 = 27 x 171 MHz and the dephasing
time 7,,; = 18 ns. The background exponentially decays due to spontaneous emission to
off-resonant ground states.

Next, to characterize |Ag), a 7 pulse is calibrated on the |—1) <+ |Ag) transition (Fig. [3.5)).
After applying a 7 pulse, time-resolved PL is collected using a time-correlating card (FAST
ComTec P7889) with 0.1 ns resolution. The resulting decay curve fits to a single exponential
with a time constant of 77 = 11.1 4 0.2 ns. This optical lifetime provides the main source
of dissipation in the experiments. Next, optically-driving Rabi oscillations on the isolated
0) <+ |Ey’) transition are used to calibrate the ratio of optical power in the 0™ and 1%¢
harmonic sidebands of the interaction laser —i.e., Q2 p/Qg. Finally, separate sets of optically-
driven Rabi oscillations on the |—1) <> |As) and |+1) <> |A2) transitions are used to correct
for differences in the response of the two transitions to the same optical power, which vary
with polarization. This data also ensures accurate estimation of {2p and {2g. Drive rates on

the order of 100 MHz are achieved for input optical powers on the order of 5 uW.

3.2.3 Superadiabatic Performance

First, the relationship between (2 and L is explored. An initial pulse length of L = 16.8
ns is chosen, for which the minimum drive strength that allows an SATD correction is

2wx 72.6 MHz. The system is initialized into the |—1) state, and then the three sets of
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Figure 3.6: Improved STIRAP efficiency due to SATD and MOD-SATD. The system is
initialized in |—1), and a pair of STIRAP pulses is applied to transfer it to |+1). For
constant L = 16.8 ns pulses, the uncorrected adiabatic protocol rapidly falls off in efficiency
as optical power is decreased, whereas the superadiabatic variants maintain high transfer
effiency and increasingly outperform the adiabatic case. Transfer efficiency is normalized
against the maximum population transfer achievable with microwave drives (yellow bar), as
a result of imperfect state initialization. The slight uptick in efficiency for the adiabatic case
at 0 = 2m x 73 MHz results from the increasing unintended |Ag) excitation and incoherent
decay to the |+1) state.

STIRAP techniques are employed to evaluate their transfer efficiencies: adiabatic, SATD,
and MOD-SATD. The superadiabatic pulses are each selected according to the corresponding
experimental adiabaticity: Agpqpe = A. After each pair of pulses, the resulting populations
in the |£1) ground states are sequentially measured by projecting them to the |0) state
and normalizing the collected PL on the |0) <> |Ey) transition. The calculated transfer
efficiencies are shown in Fig. [3.6l Superadiabatic protocols demonstrate a clear advantage
in efficiency over the adiabatic equivalent, especially as the adiabatic approximation breaks
down in the A — 1 limit. The efficiencies still show imperfections, as the excited state
lifetime is comparable to the length of the pulse and will degrade the performance of protocols

which involve |As). However, these losses are minimal compared to excitations out of the
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Figure 3.7: Photoluminescence during the STIRAP protocol. Photoluminescence (PL) re-
sults from |Ao) occupation (right axis), and reveals the differences between adiabatic and
superadiabatic approaches. The adiabatic pulses (red and blue lines, offset above) unin-
tentionally populate |A2) once the resonant pump pulse is applied. The SATD variants
coherently occupy the excited state in the middle of the protocol and drive the population
to the final state. MOD-SATD shows reduced PL compared to SATD, consistent with its
design to reduce |As) occupation. The long decay tail beyond 20 ns results from residual
excited state population, which is nonideal in all cases, but worst for the adiabatic protocol.

protocol’s dark state, as in the adiabatic case. SATD outperforms the adiabatic transfer over
the full experimental range, and as expected, MOD-SATD improves further by decreasing
the detrimental excited state occupancy. The apparent uptick in adiabatic transfer efficiency
at 2 = 27 x72.6 MHz is due to incoherent decay from the unintentionally excited population,
and hides the fact that coherent population transfer is trending to zero. If the dominant
dissipation in |A9) were to states outside of the qubit basis, this illusory recovery would not
appear.

An examination of the PL collected during the STIRAP protocol shows that the evolution
in each case matches expectations. With |A9) the only state involved which emits PL, the
collected emission is proportional to the excited-state occupancy at that point of the protocol.
As illustrated in Fig. m, all three pulse pairs show significant population in |As). However,
SATD and MOD-SATD are designed to coherently occupy and recover from the excited
state, which is reflected in the peaks at the center of the symmetric pulse sequence. For
the adiabatic pulses, on the other hand, all excited state population is erroneous, and its

more significant losses are reflected in the large spike in PL as the pump laser is activated.
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Figure 3.8: Speedup of SATD and MOD-SATD protocols. (a) Fig. showed how trans-
fer efficiency changed with €2 for constant L; here, €2 is fixed at 27x122 MHz while L is
varied. Similarly, as A — 1, the adiabatic protocol becomes inefficient while SATD and
MOD-SATD perform relatively well. The SATD techniques maintain high efficiency even
as the pulse width approaches the quantum speed limit (gray vertical bar). (b) By inter-
polating along each data set (gray lines), it is possible to calculate the speedup which the
superadiabatic protocols offer over the adiabatic approach (inset). To reach the same target
transfer efficiency, the two superadiabatic protocols offer a speedup between 1.5X and 3X.

Consistent with its theoretical origins, MOD-SATD yields ~20% lower PL than SATD.
Next, Q = 27 x 122 MHz is held constant while L is varied between 13 and 65 ns, to
examine the relative speedup that superadiabatic protocols can provide. Since €25y, X L1
this set of experiments also explores a wide range of A. As shown in Fig. [3.8h, the SATD
and MOD-SATD pulses maintain a higher transfer efficiency than adiabatic pulses for all
L. Based on the smooth trend of the data, it is possible to fit phenomenological curves to
each set of data and invert the relationship between the transfer efficiency and pulse length.
This allows an estimation of the speedup to achieve a target fidelity when applying SATD or
MOD-SATD instead of adiabatic evolution. The corresponding speedup factors are shown in

Fig. [3.8b. For example, SATD reaches 90% transfer fidelity using a pulse 2.0 times shorter
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than similar adiabatic transfer, and for MOD-SATD the speedup is 2.7.

In addition to slow adiabatic protocols, the superadiabatic transfers can also be compared
against the fastest possible quantum evolution. For the same A coupling structure, assuming
no direct coupling between the ground states, the “quantum speed limit” corresponds to
a transfer protocol which simply applies the maximum coupling on both transitions until
the state is transferred. In other words, QgSL = QgSL = . For Q = 27 x 122 MHz,
the corresponding Lggy, is 5.8 ns. However, the quantum speed limit protocol includes
significant occupancy of |Ag), reaching 50% probability at the midpoint of the transfer.
Thus, the fastest possible transfer would show low transfer efficiencies. The shortest SATD
pulses are 12.6 ns, which is roughly a factor of two slower than the quantum speed limit,
but still achieve > 85% transfer efficiency. The superadiabatic protocols strike a balance
between speed and efficiency among the possible quantum trajectories through the Hilbert
space.

Finally, two extensions of STIRAP show the flexibility of superadiabatic techniques for
quantum state control: coherent phase transfer and fractional STIRAP. To demonstrate
phase transfer, the superposition state [¢7) = <|0> + ¢ |—1)> /V/2 is initialized with a
microwave pulse. Next, STIRAP or the superadiabatic variant is applied to evolve the system
to a target final state of |¢p) = <]O> + ¢l ]+1>> /v/2. Last, the X and Y projections of
the superposition are measured to confirm that the phase ¢ is correctly transferred. This
procedure is illustrated schematically in Fig. [3.9h, and the results for several values of ¢ are
plotted in Fig. [3.9b. Both adiabatic and superadiabatic processes coherently transfer the
initial phase, but as with the full state transfer, SATD and MOD-SATD are significantly
more efficient. The solid arcs on the polar plot mark the square root of the corresponding
transfer efficiencies (suitable for comparing to state amplitudes), and make clear that a
greater fraction of the superadiabatic transfer efficiency is due to coherent evolution. For
adiabatic pulses, on the other hand, a large portion of the transferred population is not phase

coherent, and results from incoherent decay out of the excited state.
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Figure 3.9: Phase coherence of STIRAP and fractional STIRAP. (a) Top, the procedure to
confirm the coherence of STIRAP is shown. A superposition is initialized in the {|0),|—1)}
subspace and STIRAP is used to transfer it to a superposition in the {|0),|+1)} subspace.
The same phase relation should exist between basis states in both initial and final superposi-
tions. Bottom, the pulse shapes and result of fractional STIRAP are shown. By truncating
the STIRAP pulses, the initial state of |—1) can be transferred to a superposition of the
|£1) states. (b) The X and Y projections of the final superposition are shown for various
initial phase relations (gray lines). All three protocols maintain phase coherence, but the
superadiabatic protocols are closer to the overall transfer efficiency (solid color arcs), indicat-
ing primarily coherent transfer. The adiabatic state projections indicate a large incoherent
contribution to the final state. (¢) Quantum state tomography is performed on the the final
superposition states resulting from fractional STIRAP. The adiabatic transfer achieves an
average fidelity of 0.83+0.01, whereas SATD improves to 0.9440.01.

In fractional STIRAP (“-STIRAP”), the same principles of dark state evolution are
applied to create a superposition of initial and final states instead of completing full state
transfer. The pulses of f-STIRAP resembles the full STIRAP pulses, except that they adi-
abatically ramp to zero partway through the evolution (shown in Fig. [3.9a). The superadi-
abatic derivation can be applied to create SATD variations of f-STIRAP as well. Fig. [3.9
shows quantum state tomography of two different superpositions of the |£1) basis, created
with 2 = 27 x 135 MHz. Once again, SATD demonstrates an advantage over uncorrected

adiabatic pulses, averaging a fidelity of 0.94+0.01, against the adiabatic fidelity of 0.834-0.01.
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3.2.4 Influence of Dissipation

The fundamental assumption of STIRAP is that the intermediate state is lossy and needs to
be avoided. Otherwise, if the state is lossless, there is no reason to deviate from the quantum
speed limit protocol. As an adiabatic protocol, STIRAP is inherently robust against noise
and control errors. Inefficiencies and dissipation can be reduced by improving the adiabatic
approximation, either by increasing optical power or extending the pulse sequence. However,
STA protocols are usually derived assuming unitary (lossless) evolution and ideal experi-
mental implementation. Despite the improved speed and efficiency of SATD demonstrated
previously, it is an open question to what degree it is robust to the remaining dissipation
and any control errors.

This NV center’s dissipation is broadly categorized by 77 = 11.1 £0.2 ns, but its specific
decay paths to the ground state can be more finely characterized. Nominally, |A2) couples
to |£1) only, which should manifest as dissipation that preserves population but contributes
to loss of coherence. However, the excited state mixing induced by strain and the magnetic
field weakly allows transitions to the |0) state. This loss does not contribute to incoherent
transfer, but rather leads to leakage from the qubit basis. Furthermore, the optical transitions
experience dephasing on fast timescales, which also reduces the coherence of transfers. The
spontaneous emission branching ratios between pairs of ground states can be calculated by
initializing either |—1) or |[+1) and pumping its transition to |Ag). After the initial state is
fully depleted and the excited state has fully decayed, the resulting populations in the other
two ground states reflect the ratio of decay rates from |Ag). Performing these measurements
for |£1), the ratios I'_1/I'g and I' ;.1 /Ty are found, where I'; describes the decay rate for the

|Ag) — |i) transition. These two quantities can be combined with the relation 1/77 = >, T;
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Figure 3.10: Robustness of SATD and MOD-SATD to deviations in pulse shape. The
results of applying different pulse shapes, with L and €2 held constant, are shown. With
Q) = 27 x 115 MHz and L = 16.8 ns, the adiabaticity A of the transfer is 1.58. For this
A, the adiabatic transfer efficiency is < 0.5 (magenta line), and the superadiabatic variants
are an improvement no matter which pulse shape Agp,q)e is used. Surprisingly, the optimal
Ashape for both SATD and MOD-SATD is less than A, indicating that the system behaves
as if more nonadiabatic than the pulse parameters predict.

to determine the decay rates:

I'y1 =27 x (85=£0.3)MHz,
I'_q =27 x (4.3+0.2)MHz, (3.7)

Ty =27 x (1.6 4 0.1)MHz.

Evidently, while I'g < I'1, it is still appreciable on the timescales of STIRAP. In addition,
by fitting the decay of multiple sets of optically driven Rabi oscillations and incorporating
the measured lifetimes, the orbital dephasing rate of I, = 27 x (8.840.1) MHz is extracted.
These parameters more fully describe the intrinsic dissipation of the system than simply the
optical lifetime.

To probe the robustness of the superadiabatic protocols, pulses with Agpq,. 7# A are
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Figure 3.11: Experimental and theoretical data on the influence of dissipation on STIRAP.
At left, experimental data shows the SATD transfer efficiency when independently varying
Aghape and A. In the absence of dissipation, Agpq,e = A is expected, given by the dotted
line. However, the maximal transfer efficiency is observed for A4, < A (black data points,
where interval indicates +0.01), and fits well to a linear relationship across a broad range
of A (cyan line). At right, this deviation is reproduced by a master equation simulation
that incorporates the dissipative features of optical lifetime 77, orbital dephasing I',,.;, and

spectral diffusion o. Aggzpe is again < A for all A.

tested. Both 2 = 27 x 115 MHz and L = 16.8 ns are fixed, corresponding to A = 1.58, while
a range of shape parameters is implemented. In Fig. [3.10] the transfer efficiency results
show that both SATD and MOD-SATD continue to outperform adiabatic pulses even for
large deviations from the nominal Agpq,.. The adiabatic comparison, which has no shape

parameter, is indicated by the magenta bar. In addition, for both superadiabatic variants,

opt

shape < A in both cases.

Aghape = A appears not to be the optimal working point. Instead, A
While this deviation may be partly attributed to experimental errors in implementing the
target Agpqpe, adding theoretical investigations can provide a more thorough explanation for
the origins of this phenomenon.

Fig. [3.11] compares the results of both experimental investigation and theoretical mod-
eling of the performance of SATD in the NV’s dissipative A system. In experiment (left
panel), the transfer efficiency is plotted for a range of adiabaticity A. The optimal trans-

fer shape parameter at each laser power fits well to a linear trend (cyan line) described by
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Figure 3.12: Superadiabatic transfer efficiency with deliberate one-photon detuning. (a)
Transfer efficiency of all three STIRAP protocols is shown as a function of one-photon
detuning A, for fixed pulse parameters €2, L, and Agpgpe. All methods show decreases
in efficiency with increased detuning, and superadiabatic protocols maintain high transfer
efficiency over a wider range of detuning. (b) Sweeping Agjqpe While performing SATD

opt
shape

implicates spectral diffusion o as part of the cause of Aﬁfwe < A in resonant experiments.

The dashed line corresponds to the data points in (a). (c¢) Same as in (b) for MOD-SATD.

with deliberate detuning at constant A shows that A decreases as A increases. This

f4opt

shape = (0.814+0.02) - A+ (0.09£0.03). With a slope < 1, the data and fit clearly indicate

deviations from the A, = A trend (dotted line) which would be expected in the absence

of dissipation. A master equation model (right panel) reproduces the data well, including the

opt

< A. The maximum transfer efficiency
shape

transfer efficiency and the qualitative trend of A
predicted by the model is also highlighted by a cyan trendline. To match the experimental

results, this model includes the measured 77, T, and spectral diffusion values of the |As)

opt

level. The appearance of Ashap

. < A in the simulation confirms that it is not solely due to
experimental imperfections. Physically, the presence of spontaneous emission and dephas-
ing, as well as the off-resonance condition induced by spectral diffusion, decrease the effective
coupling rate to the excited state. Thus, the required superadiabatic correction (which is
designed to populate the excited state) increases to compensate. Data taken with deliberate

one-photon detuning (in which the frequencies of both laser fields are detuned by the same

amount) help support this interpretation (Fig. [3.12)). In Fig. [3.12a, the deliberate detuning
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decreases the transfer efficiency of all three methods, but the superadiabatic protocols are at
least as robust as the adiabatic pulses. In Fig. |3.12b-c, both SATD and MOD-SATD show

that A%!

shape decreases as detuning increases while A is held constant. Thus, the measured

spectral diffusion of 27 x 31 MHz can directly account for part of the discrepancy between

Aopt

shape and A under nominally resonant conditions.

3.2.5 Conclusion

These experiments demonstrate that superadiabatic shortcuts can be effectively applied to
STIRAP, and that SATD and MOD-SATD in particular are fast and robust quantum control
techniques. The influence of dissipation and noise on the results emphasize the importance
of accelerated control techniques for achieving high state fidelities, which are a crucial com-
ponent of QISE technologies. These techniques are expected to be relevant for a variety
of qubit systems, including optically active group-IV defect spins in semiconductors which
have weak ground-state magnetic dipoles and in superconducting qubit designs with A sys-
tem level structures. STIRAP can also be extended to the transfer of quantum states in
systems where the singular intermediate level is replaced by a continuum of states, such as

in a waveguide [81], and thus may be useful in implementing quantum networks.

3.3 All-Optical Holonomic Gates

Like STIRAP, unitary quantum operations are the basis for countless experiments. Conven-
tionally, quantum operations are “dynamic,” and based on phases accumulated over time
between two states with different energies. This includes quantum gates implemented by
coupling two eigenstates with a resonant field, which create dressed states in the stationary
basis that acquire phases with time. Dynamic gates are simple to implement with tun-
able couplings or resonant control fields, and calibration curves based on Rabi oscillations

are standard in most experimental qubit systems. However, despite their simplicity and
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ubiquity, dynamic gates may not be the optimal choice for quantum operations in the pres-
ence of significant noise, systematic control errors, or when process fidelities close to 1 are
desired, such as in fault-tolerant quantum computing. The alternative to dynamic phases
are geometric phases, which are prevalent throughout physics but have been overlooked in
quantum control. This section describes the implementation of a complete set of geometric
(holonomic) single-qubit gates in the NV center. The holonomic gates are implemented via

a single non-adiabatic optical cycle in the NV |As) A system.

3.3.1 Holonomic Gates

Unlike dynamic phases, which accumulate over time, geometric phases instead arise as a
system completes a cyclic evolution in its parameter space [82]. They are not a uniquely
quantum phenomenon, as classical geometric phases abound. A canonical example is the
Foucault pendulum, which precesses (acquires a phase) as the Earth rotates on its axis.
More simply, the appearance of a geometric phase can be seen for a vector pointing parallel
to the surface of a sphere. The vector starts at the sphere’s north pole, and is then smoothly
transported to the equator. Next, it traces a quarter-rotation along the equator, before being
brought back to the north pole. When it returns, it has rotated by 90°. This rotation is
independent of how fast the path is traversed, and instead depends on the details of the
path geometry — if instead the vector takes a half-rotation around the equator, the resulting
geometric phase is 180°. This path dependence is an essential characteristic of both classical
and quantum geometric phases, and the motivation for its “geometric” moniker. Geometric
phases result from the topology of the evolution space; if the same vector were transported
along any path on a flat surface, no geometric phase would appear.

This classical example of geometric phase has a quantum equivalent: evolution on the
Bloch sphere. If the two-state system represented on a Bloch sphere traces out a closed path
on its surface, the entire subspace will acquire a quantum phase which is proportional to the

area the path encloses. For example, the path described on the surface of the classical sphere
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— from pole to equator, along the equator, and back to the pole — can be described by a
series of three unitary gates: Ry(—m/2)- R,(7/2)- Ry(m/2), where R;(#) indicates a rotation
around axis i by angle §. This path encloses 1/8 - (47) = % area of the Bloch sphere surface.
On the classical sphere, 5 (90°) matches the phase acquired by the translated vector. In the
quantum regime, however, this relationship need not hold. For the Bloch sphere, due to the
spin—% equivalence of the two-level system, the subspace acquires phase v = —é for enclosed
area A [82].

Because of the geometric phase’s independence of dynamical considerations, it has re-
cently emerged as an alternative to dynamic quantum control in implementing unitary quan-
tum operations [83]. The principle is to leverage the global qualities of geometric phases to
perform high-fidelity gates that are relatively immune to the local fluctuations that are
usually characteristic of noise, decoherence, and experimental error. The Bloch sphere evo-
lution again provides a concrete example. As the system progresses along a path on the Bloch
sphere, fluctuations in the evolution (perhaps resulting from qubit energy splitting fluctua-
tions) that are parallel to the path have little impact on the enclosed area. Even transverse
fluctuations may cancel out over the course of a complete cycle, and so the geometric evo-
lution may be insensitive to multiple sources of error [67, [84]. This intrinsic robustness is
reminiscent of adiabatic protocols such as STIRAP, and indeed geometric phase protocols
are often implemented using adiabatic means.

Adiabatic geometric phases have been implemented in the NV center by leveraging the
same A system described in section [3.2] the |Ag) <« |£1) subspace [67]. The system is
initialized in the |—1) ground state, and then (fully adiabatic) STIRAP transfers the system
to |[+1) along a longitudinal line of the Bloch sphere. Once STIRAP is completed, a second
application of STIRAP, with a different phase relationship, transfers the population back
along a different longitudinal line. This completes a cyclic evolution on the |4+1) Bloch
sphere, enclosing a deterministic area and acquiring the corresponding phase on the |£1)

states. Because this phase cannot be measured within the basis alone, the |0) state serves
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as a reference and confirms the presence of the purely geometric phase.

Holonomicﬂ quantum computation (HQC) aims to develop fully geometric quantum oper-
ations to perform fault-tolerant quantum logic gates [85]. Geometric phases on single qubits
are a step in that direction, but strategies for arbitrary unitary and two-qubit operations,
at minimum, will be required for universal quantum computing. Fortunately, non-Abelian
(i.e. non-commuting, matrix-valued) geometric phases can result from cyclic evolution in
larger state spaces than a two-level system. In addition, though adiabatic evolution enjoys
the benefits of noise and control error robustness, it is vulnerable to decoherence and dissi-
pation, as explored in section [3.2] Thus, a major goal of HQC is to develop protocols for
non-adiabatic, non-Abelian holonomic gates which maintain some of the geometric phase’s
noise robustness characteristics [86]. It is currently an open question whether non-adiabatic
gates will exhibit protections against noise, but simulations suggest that the non-adiabatic
geometric operations do feature more protection against control errors than dynamic gates
[87].

One approach for implementing non-Abelian single-qubit gates involves three-level dy-
namics, and has been demonstrated in various forms on several qubit platforms. m-rotations
around arbitrary Bloch sphere axes are possible by resonantly addressing a three-level sys-
tem, and have been demonstrated in superconducting qubits [88], liquid-state NMR systems
[89], and the full triplet ground state of the NV center [90, O1]. However, pairs of these 7-
rotations must be combined to create an arbitrary unitary operation. Alternatively, Abelian
geometric phases or hyperbolic secant pulses can create arbitrary rotation angles in a single
non-adiabatic loop, but they each introduce dynamic phases as well. A recent proposal [92]
combines the desirable features of both approaches, enabling arbitrary single-qubit unitary
operations with a single, non-adiabatic holonomic gate. The key addition of the proposal
is detuning of the previously resonant-only control pulses. The follow sections present the

results of implementing these novel holonomic gates on an optical A system of the NV center.

1. Borrowing the term “holonomy” from the field of differential geometry.
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Figure 3.13: Photoluminescence excitation sweep of a single NV center. At 5 K, a 637-nm
laser is tuned across the NV center excited-state resonances while off-resonant photolumi-
nescence (PL) is collected. During the scan, two microwave drives resonant with the ground-
state |0) <» |£1) transitions are applied to ensure the system does not decay into off-resonant
ground states. With a B = 261 G magnetic field applied, the |£1) ground states split in
energy, and their respective excited-state transitions become resolved. The two highest-lying
transitions, |+1) <> |A2) (in red), form the A system used for optical control experiments.
The splitting of the |0) < ‘Ey’ X> transitions provides a measurement of the transverse
strain at the NV center, in this case a relatively small 6 = 27 x 0.94 GHz.

3.3.2 Experimental Implementation

The experiments detailed in the following sections use the same sample and NV center
described in section [3.2.2] Slight variations in the precise parameters include a temperature
of 5.0 K and a magnetic field of 261 G which splits the |£1) ground states by 27 x1.461
GHz. The optical properties show some variation from cryogenic cycling, as this NV shows
a transverse excited-state strain of 27 x0.97 GHz (Fig. |3.13)) and spectral diffusion of 27 x 15
MHz. These parameters are more ideal for A system experiments, as they introduce less
noise and less mixing of the excited states.

Holonomic gates are implemented by a very similar Hamiltonian to the STIRAP Hamil-

tonian (Eq. [3.1)), which is given in the rotating frame of the {|—1),|+1),|A2)} basis:

0 0 Qp(t)
H(t) = 0 0 Qg(t)e (3.8)
Qp(t) Qg(t)el? 2A

The primary distinction here is that the two-photon detuning ¢ is set to 0. Once again,
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the qubit basis of interest is the |+1) subspace. When calculating unitary operations on
this subspace, there is no definite initial or final state, as in the case of STIRAP. Thus, the
“pump” and “Stokes” labels become ill-defined. However, the convention of {2p addressing
the |—1) <> |A9) transition and 2g addressing the |+1) <+ |A2) transition is maintained for

consistency. A similar parameterization in terms of polar angles is made here:

Qp(t) = sin (g)Q(t),

7

Qg(t) =  cos (5)9@) (39)

As with STIRAP and SATD, the 6 parameter describes the relative amplitude of the two
resonant laser fields. Unlike the preceding experiments, however, 6 has no time dependence
for non-adiabatic gates. The time dependence is solely in the total power, Q(¢).

Geometric operations appear in this Hamiltonian under certain conditions. First, con-
sidering the case where A = 0, a qubit starting in the |£1) subspace will return to it at
time ¢ = 7 if [j Q(¢)dt = 2m, regardless of the details of the optical pulse Q(¢). Due to
the resonance condition, the eigenstates are degenerate in the rotating frame, and so the
evolution is purely geometric. At ¢t = 7, the unitary evolution operator on the qubit states
is [92]

0 = D) (D]~ |B) (B]. (3.10)

|D) and |B) are the dark and bright qubit states, respectively, given by

D) = cos (g) 1) + sin <g>ei¢ 1),

IB) = sin <§) |—1) — cos (g)wﬁ +1) .

Examining these equations, it becomes clear that U represents a m rotation around the

(3.11)

Bloch sphere axis defined by the dark and bright states — note the resemblance of U to the

Pauli matrix o,. Furthermore, this rotation axis is fully determined by the experimental
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parameters 6 and ¢. Analytically, U can be rewritten as
U@,¢)=n-o, (3.12)

where n = (sinf cos ¢, sinfsin ¢, cos ) describes an axis on the Bloch sphere and o =
(04,0y,0;) are the Pauli operatorﬂ. Thus, 7 rotations around arbitrary axes are possible
in a resonant-only A system in general, and can be implemented in the NV center |Ag) A
system.

For more general dynamics, nonzero A can be considered. Here, due to the A |As) (As|
term, the Hamiltonian no longer is guaranteed to commute with itself at different times.
Thus, the details of the pulse shape §2(¢) become significant. By choosing a square pulse with
Q(t) = Qfor 0 <t < 7, the Hamiltonian can be made time-independent and purely geometric
evolution is recovered. While the energy of |A9) is nonzero in the rotating frame, any state
which begins in the zero-energy |+1) subspace will remain at zero energy throughout the
time-independent holonomic gate pulse, thus ensuring that the dynamic phase vanishes.
With |A| > 0, 7 must be adjusted to ensure cyclic evolution as 7 = 21/v/Q2 + A2 = Ty,

At t = 7, the resulting unitary operation on the |+1) subspace is

U(0,6,4,9) =|D) (D| +¢7|B) (B
(3.13)
— 1/2,~-i(v/2)n-0

Y

where now ~y generalizes to

T (1 - \/Q2A+ A2) | .

This operation describes a rotation by angle v around axis n on the {|—1),|+1)} Bloch

sphere (along with a global phase). Unlike the resonant case, v € (0,27), so both the axis

2. If two of these arbitrary = rotations are concatenated, the result is
U0, dm)U (O, ¢n) = m-n —io - (n x m). This describes a rotation of 2cos™!(n - m)
around the axis n x m, which is a general SU(2) operation.
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Figure 3.14: Evolution of the NV center A system during holonomic gates. The Bloch
sphere representation of the {|B) ,|A2)} subspace (at right) shows how the initial state |B)
completes a 27 rotation around an axis offset from the pole by angle o = tan™'(—Q/A).
This completed cycle encloses an area —27, resulting in geometric phase v on the subspace.
In the {|D),|A2)} basis (at left), the evolution is trivial. This corresponds to a rotation
in the {|B),|D)} ground-state basis, effecting the desired unitary operation through proper
choice of | D).

and the angle of the rotation are fully controlled. Thus, by choice of Q2p, {2g, and A, the
gate parameters can be set to any desired single-qubit unitary operation. The specific 8, ¢,
and v parameters used for the gates in these experiments are recorded in Appendix [B]
Geometrically, this evolution can be represented on two Bloch spheres, shown in Fig.
[3.14 On the {|B),|A2)} Bloch sphere (right), the state completes a cycle of evolution which
begins in the ground state and revolves around an axis set at polar angle o = tan—1 (—%)
This cycle encloses an area A = —2v, adding a phase y to both |B) and |Ag) (see Eq. [3.13).

On the {|D),|A2)} Bloch sphere, the evolution is trivial since there is no coupling between

the dark and A9 states.

3.3.3 Resonant Gates

To implement these gates in the NV center, several calibration steps are necessary. The
phase electro-optic modulator (PEOM) reprises its role as creating the phase-controlled

laser sidebands which simultaneously address the two A system transitions. The amplitude
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Figure 3.15: Measurement of square optical pulse rise and fall times. A 637-nm laser pulse is
created using square inputs and directed to the sample. A small number of reflected photons
penetrate the dichroic mirror and enter the collection path. The photon counts are binned
by a time-correlating card with 0.1 ns resolution. The collected counts fit well to trapezoidal
shapes (solid lines), with a rise time of 1.24+0.1 ns and a fall time of 1.340.1 ns.

EOM (AEOM) is used to tailor the pulse shape, which in this case is ideally a square pulse.
Fig. shows measurements of the pulse shape based on residual laser photons which are
reflected off the diamond surface, and while not focusing on the NV center. The detected
pulse shape is well-approximated by a trapezoid, and the fit values of the 0-100 rise and fall
times are 1.2£0.1 ns and 1.3+0.1 ns, respectively. This creates a good approximation to a
square pulse for the holonomic gates to be performed. While some residual optical power is
apparent outside of the square pulse, this leakage only persists for ~ 10 ns before and beyond
the ideal pulse, since the AEOM transmission is windowed with an additional acousto-optic
modulator with a 45 dB extinction ratio.

Next, the optical coupling €2 must be calibrated on each of the A system transitions.
As PL is proportional to |Ag) occupation, time-resolved PL measurements during constant
laser excitation reveal Rabi oscillations between the initial and excited state, as in Fig.
[3.16] These optical Rabi oscillations can be taken at fixed detuning, and demonstrate that
coherent oscillations can be resolved out to |A| > 2Q. Multiple sets of measurements, on
both the |£1) <> |Ag) transitions, enable To; to be calibrated as a function of both € and

A.
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Figure 3.16: Rabi oscillations between the NV center ground and excited states. A near-
resonant optical pulse is applied to the |+1) <> |A9) transition, and as in Fig. 3.5, PL
is collected during the pulse proportional to |As) occupation. Data is taken as a function
of static detuning A, revealing generalized Rabi oscillations where frequency increases and
amplitude decreases with |A|. This data set, and equivalent ones for the |—1) < |A9)
transition, are used to calibrate the 27 pulse time 75, for a single holonomic gate (cyan
line).

While resonant holonomic gates alone do not constitute a complete set of single-qubit
gates, as they only perform 7 rotations, they are nevertheless frequently-used operations
and create several elements of the important Clifford gate set. Fig. [3.17] shows the results
of initializing the |z) (= |—1)) state, performing gates with the full range of 6 values, and
measuring the resulting |z) and |—z) states (Fig. [3.17h). These operations are described by
U(@, 0,0, 27 x 150 MHz), which include the ubiquitous o, (X, # = 7/2) and Hadamard (H,
0 = m/4) gates, and are completed in Th, = 6.7 ns. As 6 increases, the final state undergoes
oscillations between |z) and |—z). These oscillations deviate from the ideal, dissipation-free
evolution, but are recreated by a master equation model which includes optical lifetime (77)
and dephasing (T¢) effects. Despite the short duration of the gates, T is still of the same

order as To,, and so dissipation has a noticeable effect.

The deviations introduced by dissipation lead to an experimental asymmetry in place
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Figure 3.17: Resonant holonomic gates as 6 is varied. (a) The system is initialized in |+z),
and resonant (7 rotation) holonomic gates are applied around axes with a range of 6 values.
(b) The |+z) populations after the holonomic gate are measured. At § = 7/2, the gate
ideally swaps |£z), and at # = 7, the gate is an identity operation for the initial states,
although they are fully aligned to the bright state. The increasing bright state overlap is
responsible for the loss of contrast with increasing 6, departing from the ideal gate (dotted
lines). A master equation simulation incorporating 77 and T's reproduces observations well
(solid lines).

of a theoretical symmetry. In principle, U 0) = U (0 + m), as m and —7 operations are
equivalent. However, as the bright and dark states are exchanged when 6 — 6 + 7, the
gates no longer show the same performance if dissipation differently affects the two states.
Indeed, Fig. shows that 8 = 0, where the initial state is the dark state, experiences
much less loss than at # = 7, where the initial state is the bright state. This observation
suggests that in systems where intermediate state dissipation is significant, and in scenarios
where the input state is known, selecting the holonomic gate with a smaller |(¢;] B)|? will
demonstrate higher fidelity.

Next, 6 is held fixed and ¢ is varied, to demonstrate full control over the axis of rotation.

This set of gates, described by U (1/2,¢,0,2m x 220 MHz), includes the oy gate (Y) where
¢ = m/2 (Fig. [3.18a). The higher optical power lowers the gate time to Tor = 4.5 ns.
Fig. [3.18b shows the results with an initial state |z) = (|—1) + |+1))/v/2. The X and Y

projections of the Bloch sphere are measured after the gate, since the final state ideally lies
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Figure 3.18: Resonant holonomic gates as ¢ is varied. The system is initialized to |z), and
resonant holonomic gates with § = 7/2 and a range of ¢ values are applied (left). The
resulting |z) and |y) projections are then measured. At ¢ = 7, the gate is an identity
operation on |x), while fully aligned to the bright state. As in Fig. [3.17] this bright state
overlap reduces contrast, leading to the observed envelope (gray lines). A master equation
simulation incorporating 77 and Ty reproduces observations well (cyan and yellow lines).

on the Bloch sphere equator. Two full periods of oscillation are observed, since a 7 rotation
about an axis at ¢ = ¢q, transfers the initial state at ¢ = 0 to ¢ = 2¢q,. As in Fig. [3.17]
the visibility of the oscillations decreases as the bright state comes into alignment with the
initial state, in agreement with simulation. However, due to the shorter gate, the losses are
reduced and the minimum visibility is improved.

After demonstrating control over the axis of rotation and an understanding of the impact
of dissipation, determining gate fidelities will help complete the assessment of the holonomic
gate set’s performance. Quantum process tomography (QPT) is an appropriate method to
thoroughly characterize the effect of the holonomic gates. QPT follows from the description
of a quantum gate as a transformation of the initial density matrix (p;) to a final density
matrix (pr):

4
pr= Y XjEjpiEy
k=1

(3.15)

In this decomposition, the basis operators are £ o {f ,o}. x is the process matrix, which
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Figure 3.19: Quantum process tomography of resonant holonomic gates. (a-c) The real
values of the experimentally determined process matrices for X, Y, and H gates are shown,
along with the calculated process fidelities. Hollow bars indicate the ideal values for unity
fidelity. The experimental and optimal imaginary values are negligible. (d) Experimental
and simulated gate fidelities as €2 is increased. Dissipation is responsible for the majority of
losses, as captured in simulation, so faster gates demonstrate higher fidelity. The remaining
discrepancy is attributed to crosstalk between optical transitions, which may also explain
the decrease in H fidelity at large (2.

describes the independent basis operator contributions to the density matrix evolution. In
the single-qubit case, x has sixteen elements labeled by F; and Ej, each complex-valued
and with magnitude < 1. By measuring the initial and final density matrix elements, the
relationship can be inverted to determine the elements of x. The gate’s process fidelity
is computed via the differences between the experimental and theoretical process matrix
elements. Additional information about QPT is available in Appendix [B]

Fig. shows the results of QPT for the X, Y, and H gates. The bars display
the real components of all elements of y for each gate at {0 = 27x168 MHz, as well as

the theoretically optimal values. The imaginary components of each are negligible and
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are theoretically zero. The resonant gates achieve maximum fidelity of between 0.74 and
0.78 £ 0.02. Master equation simulations are again important to understanding the errors
present, and incorporate the measured spectral diffusion as well as dissipative effects. As
() is increased, the average gate fidelity rises from approximately 0.5 to its maximum, an
improvement which is matched by the simulations. However, an additional decrease of
~ 0.05 is evident in the experimental data, and indicates the presence of other appreciable
experimental errors, which may include unintentional excitation due to higher harmonic
sidebands of the laser and crosstalk between the two transition. It is also noteworthy that
while the X and Y gate fidelities continue to increase for 2 > 27 x 168 MHz, the fidelity of H
begins to drop. This is not well-understood, and may result if the H gate is more susceptible

to systematic errors such as the nonzero rise time as the optical coupling strength is increased.

3.3.4 Detuned Gates

In this section, following the theoretical guidelines proscribed in section [3.3.2] the unique
features of detuned holonomic gates are demonstrated. A straightforward starting point is
the phase gate Z(7), described by [7(0, 0,7,). This set includes the standard o, S, and
T operations, which corresponding to v = m, 7/2, and 7/4, respectively. The gate time in
this case is not constant, but decreases with increasing detuning, as marked in Fig. |3.16|
Fig. [3.20| shows the experimental phase accumulated between the initial and final states as
a function of the fixed detuning. This phase accumulation is measured from the X and Y
projections of the Bloch sphere, and is averaged over |z) and |y) input states. Data for both
Q) =27 x 134 MHz and 27 x 252 MHz are plotted, along with curves that are not fits, but
rather predictions of the accumulated geometric phase as a function of detuning from Eq.
3.14. The close agreement between predictions and observations, for two different values
of Q0 and extending to |A| ~ 42, provides strong evidence for the geometric origin of the

observed phases. It also suggests that the ~1 ns rise time does not have a large effect on

the dynamics at these optical powers, as the data match predictions even for large detuning
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Figure 3.20: Detuned holonomic phase gates. The system is initialized in |z) and |y) states,
after which a phase gate is applied, with rotation angle v depending on A. The result-
ing X and Y projections are measured to determine the phase shift, for two different €.
The observed phase shifts match predictions, as the solid lines show Eq. given the
experimentally measured 2 and A.

where the gate times become very short.

Quantum process tomography of the Z gate family reveals that the off-resonant Z gates
achieve higher fidelities than on resonance. Fig. shows the rapid improvement in
fidelity with detuning for both optical coupling strengths, reaching ~ 0.95 for v ~ x/4.
As with errors in the previous protocols, dissipation is a likely culprit, a hypothesis which
is supported by the similarities between the fidelity dip and the optical linewidth, as well
as the improvement of the resonance fidelity with increasing 2. Once again, the master
equation simulation captures the quantitative and qualitative trends of the experiment by
incorporating the sources of dissipation. In Fig. [B.2Ip, the simulations separate out the
relative contributions of each dissipative or noise factor, and by including spectral diffusion
closely match the experimental results for resonant Z gates up to 1 = 27 x 252 MHz,
where the fidelity peaks at 0.864+0.02. At the highest optical power, nearly 27 x 400 MHz,
the fidelity begins to decrease again, presumably due to power-broadened driving of other

nearby transitions and the increasingly non-ideal shape of the pulse.
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Figure 3.21: Fidelity of the detuned holonomic phase gates. (a) Quantum process tomog-
raphy is used to determine the fidelity of Z gates as a function of A. As |A] is increased,
excited state population decreases, resulting in higher fidelities. Faster gates also experience
less dissipation, corresponding to higher fidelities for {2 = 27 x 252 MHz on resonance than
Q) = 27 x 134 MHz. (b) This trend is observed in resonant gates of increasing 2, as well
as the master equation simulations (solid lines). Successively incorporating 77, Ty, and o
effects matches observations, until large €2 is reached where the square pulse approximation
begins to break down.

In the final set of operations, off-resonant gates around the x and y axes are demonstrated
and characterized. These gates are described by U (m/2,0,7,2m x 152 MHz), and include the
X (£7/2), Y (47 /2) operations that complete the set of Clifford gates for a single qubit. By
choosing |z) as the initial state, the final state traces out increasing transfer to the opposite
pole, peaking at a complete transfer on resonance (Fig. [3.22a). The final populations are
shown in Fig. [3.22pb, along with the expected results from dissipationless evolution (dotted
lines) and matched well by the simulations incorporating the major sources of loss.

Performing QPT on the detuned X and Y gates provides more insight into the advantages
of off-resonant gates in the presence of significant dissipation. Fig. plots the process
matrix values for X (7/2) (including the imaginary components) and the real components
of Y(£7/2). These gates are realized at A/Q = £1/4/3 for Q = 27rx152 MHz, and with
T, = 5.7 ns. In contrast to the resonant gates, these off-resonant gates achieve average
fidelities of 0.81+0.02. More than any other demonstration described, this data illustrates the

superiority of off-resonant gates. The same Y (7/2) could be implemented via two resonant
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Figure 3.22: Detuned holonomic X gates. After initializing |+z), X gates, with # = 7/2 and
¢ = 0, are performed for various A, and the final populations are measured. On resonance,
the holonomic gate performs a 7 rotation, with contrast reduced from the ideal (dotted lines)
by dissipation. A master equation simulation (solid lines) matches observations. This set of
gates includes the important +7/2 rotations, denoted in the plot.

gates, since Y (m/2) = X(m) - H(w). However, as observed in section [3.3.3] the combined
fidelity of the two concatenated resonant gates would fall to 0.74-0.75 = 0.56, far below the
single detuned gate.

For the all-optical gates presented here, the fidelities fall below 0.9, and below what is
currently required for error-correction gate thresholds. Several experimental improvements
could increase these fidelities. Faster pulses (generated by higher-bandwidth optical modu-
lators) would reduce excited state occupation, but would also require faster modulator rise
times and high extinction ratios to ensure the pulse shape is still approximately square. Sim-
ulations indicate that the dynamic phases resulting from nonzero rise and fall times will limit
the fidelity when €2 > 27 x600 MHz. Noting that fidelities at high optical powers are already
exhibiting nonideal behavior in the data presented here, reducing these sources of error is
a high priority. If two independent lasers were used instead of sidebands generated by the
PEOM, the higher-harmonic sidebands could be eliminated, and the polarization selectivity

of the |£1) <> |Ag) transitions could be leveraged to reduce crosstalk.

92



a) 05 — X(n/2)

| X Y Z Z | XY Z

Figure 3.23: Quantum process tomography of detuned X and Y gates. (a) The real and
imaginary experimental process matrix elements of the X (7/2) gate are shown. Hollow bars
indicate ideal values. (b-c) Experimental process matrices for the Y (47 /2) gates; imaginary
values are ideally zero.

3.3.5 Conclusion

This section presents an implementation and thorough exploration of the behavior and fi-
delities of non-adiabatic, non-Abelian geometric phases using the all-optical A system of a
single NV center in diamond. The all-optical control enables short gate times of less than
10 ns and the capability of addressing a single defect among many in a sample. Unlike
resonant-only gates previously demonstrated, adding control of detuning enables arbitrary
single-qubit unitary gates with a single holonomic loop. Due to the rapid dissipation of the
excited state, comparable even to the nanosecond-scale gate times, the resonant gate fidelity
is reduced and detuned gates show improved fidelities. This provides a compelling motivation
to explore detuned holonomic gates for systems with lossy intermediate states, such as hybrid

quantum systems or states coupled via waveguides. These all-optical gates on spin qubits
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can be extended to cavity-mediated two-qubit gates [93], or may be useful for optically-active
defects with longer excited state lifetimes or that have difficulty implementing ground-state

microwave control due to magnetically forbidden transitions.
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Chapter 4

Spatiotemporal Photocurrent

Mapping in Molybdenum Disulfide

This chapter and figures are adapted from work published in reference [3).

Even after decades of research, exciting new developments in NV center sensing are still
emerging. While much of the research activity has been focused on the premier magnetome-
try applications, other sensing modes offer unique opportunities advance research capabilities
and provide insights into important physical systems. This chapter covers a novel demon-
stration of NV centers in the detection of photocurrents in the monolayer semiconductor
MoSs. This technique combines well-established ac magnetometry sensing sequences with
synchronized, pulsed photoexcitation to reach new sensitivity regimes in NV-based current
detection. The advance in sensitivity enables the discovery of circulating photocurrent vor-
tices in the monolayer sample, which is challenging for conventional photocurrent detection
methods as a result of the zero net current of the feature. These improvements in NV
photocurrent sensing protocols may lead to greater understanding of the light-matter in-
teractions and material properties of the monolayer and thin-film materials under study in
QISE and condensed matter physics, and the sensing protocol can be generalized to yet

further novel approaches to NV-based sensing in future demonstrations.
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4.1 Electric Current Sensing with NV Centers

Electric current is one of the most fundamental quantities across all of science and engineer-
ing. Innumerable inventions have been created to measure, induce, and direct currents, and
it is in turns a tool and an object of study in scientific research. Currents can arise from
many sources, driven by voltages that result from chemical storage, semiconductor band gap
engineering, thermal gradients, or other phenomena. Each of these sources of current has
been — and continues to be — studied to understand exactly how currents arise from the
underlying materials and interactions. With sufficient understanding, current measurements
can then be reversed, and themselves used to probe the host material properties and new
device physics. Thus, an extensive toolkit of methods for measuring current is an important
prerequisite for both fundamental and applied sciences.

While NV centers will never compete with conventional ammeters and oscilloscopes in
terms of flexibility and sensitivity, their unique properties are useful for measuring current
in certain geometries and samples. In the most common current measurements, a sample
or device closes the connection between two electrical leads, and any generated current may
be collected in the completed circuit for measurement by a lab instrument. This transport
measurement approach is straightforward and flexible. However, it suffers a few drawbacks.
The aggregate current does not include details of the local distribution of current within
a sample, and so cannot measure net-zero-current features like eddies and vortices without
creative electrical contact placement or sample engineering. Furthermore, it depends on
being able to extract the total current from a sample. In some cases this is almost trivial,
but not all samples readily support ohmic contacts for efficient carrier collection. Both
these challenges take on greater importance in studies of nanoscale electronic devices and
quantum materials. With miniaturized or nanofabricated components, it becomes difficult
to electrically isolate segments of the sample to test for defects or nonideal behavior. In
addition, introducing metallic probes into high purity quantum materials or nanostructures

risks disrupting or overwhelming the very phenomena of interest with stray capacitances,
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voltage and magnetic fluctuations, and quantum tunneling effects. As an alternative, NV
center sensors can provide contactless, local current sensing based on the stray magnetic
fields produced by flowing electric currents.

The NV current sensing technique is a specialized use of NV magnetometry. A current
flowing in a sheet, wire, or nanostructure produces a corresponding magnetic field. As
described in section [2.2.3] NV centers are most sensitive to magnetic fields and can even
reconstruct vector magnetic fields. By performing these measurements in the vicinity of
electric currents, NV centers can be used to infer the distribution of current which produced
the measured fields [94, ©O5]. This concept alone is not new, and describes the working
principle of Hall effect and other magnetic current sensors. However, NV centers provide
higher spatial resolution than any other detection method. The most comparable techniqu(ﬂ,
scanning SQUID magnetometry, does achieve high sensitivities and spatial resolution [96],
but utilizes a metallic probe which must be cooled to cryogenic temperatures. NV center
sensors can reach nanometer resolution under ambient conditions and provide an all-dielectric
environment. In addition, NV centers are naturally compatible with optical excitation, while
scanning SQUID magnetometers require exciting thicker samples from the back surface [97-
99]. Recent experiments have used wide-field measurements on NV ensembles to map current
flow through graphene nanoribbons [55] and used a single scanning NV center to observe
hydrodynamic current flow in graphene [I00]. These investigations have reported current
densities down to ~ 1 A /pm with ~ 50 nm spatial resolution, demonstrating the impressive
capabilities of NV centers for current sensing.

For any magnetometry-based current sensing technique, an essential step is inferring the
originating current distribution from the measured magnetic field. Depending on the specifics
of the NV sensor, this can be accomplished in one of several ways. For 2D (implanted)

ensembles with a mix of NV orientations, ODMR measurements provide full vector magnetic

1. Ref. [54] provides a comparison of the advantages and disadvantages of several tech-
niques which are relevant for nanoscale magnetic current sensing.
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Figure 4.1: NV sensing concept. A superposition state, such as |¢;)=|z), is initialized for
some baseline qubit energy splitting. A static or time-varying signal that affects the energy
difference of the qubit causes the state to accumulate a phase ¢ in the rotating frame (here,
negative precession is portrayed). At the end of the sequence, the final state W f> is measured
to determine the acquired phase. This phase is then correlated to the physical parameter of
interest, such as via the gyromagnetic ratio, which relates external magnetic fields to qubit
energy.

field information at the depth of the ensemble, which can be inverted to give the current
distribution [55]. However, even if the magnetic field can only be measured along a single axis,
a 2D map of the magnetic field will still be sufficient to recreate the current distribution if it
is also two-dimensional [I0I]. This is the method employed by scanning single-NV sensors.

The remainder of this chapter describes the use of near-surface NV center ensembles to
measure photocurrents in the monolayer semiconductor MoSy. Photocurrents are electrical
currents induced by the absorption of light, and form the basis of photodetector and pho-
tovoltaic technologies [102]. Photodetectors, which measure the intensity of light, are core
pieces of fast fiber optic communication networks; photovoltaics are the basis for renew-
able solar energy. Beyond these critical modern technologies, photocurrents provide insight
into material properties as a research tool. The response of a sample to light of various
energy and polarization characterizes the substrate’s band structure, transport properties,
and more novel phenomena such as valley degrees of freedom [103, [104]. Thus, photocurrent
measurement techniques are a building block for designing novel materials and improving
photodetector and photovoltaic devices.

The NV-based photocurrent measurements presented here are also magnetometry tech-
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Figure 4.2: Time- and frequency-domain filter functions for sensing sequences. 7' is the
total time of the sequence, and 7 = T/2. (a) Time-domain filter function for a Ramsey
measurement; it is constant over the measurement duration. (b) Frequency-domain filter
function for a Ramsey measurement. It is most sensitive to dc signals. (c¢) Time-domain filter
function for a spin echo measurement; it inverts when a 7 pulse is applied. (d) Frequency-
domain filter function for a spin echo measurement. Low-frequency signals are suppressed.

niques, but are not based on ODMR measurements of the NV level splittings. Instead, small
shifts of the levels are resolved by accumulating a coherent phase as a result of Ramsey
or spin echo pulse sequences. These pulse begin by initializing a superposition of two spin
states, for example |0) and |—1), and measuring the phase difference between the initial and
final states, as shown in Fig. If the sample produces no magnetic field, the superpo-
sition remains in the initial state (in the rotating frame) and acquires no phase. However,
a magnetic field will shift the qubit energy, causing the state to precess around the Bloch
sphere equator. The accumulated phase ¢ is proportional, via the gyromagnetic ratio e, to

the average magnetic field throughout the measurement time. Quantitatively,

¢ = /T 2mye By (1) M (t)dt, (4.1)

for a measurement of time 7', and B” the component of the field aligned with the NV
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center’s axis. M is the time-domain modulation or filter function, which takes on values
{=1,1} during the measurement depending on the spin operations applied to the state, and
is 0 otherwise. For the Ramsey measurement, M(t) = 1 for all 0 < ¢t < T (Fig. 4.2p).
The filter function has a corresponding frequency-domain expression (Fig. [4.2b), obtained

through the Fourier transform of the time-domain filter function [57]:

2

‘M(mf _ ‘ / e NI (1)t (4.2)

The corresponding Ramsey filter function shows that the sequence is most sensitive to dc
signals, but does also respond to signals up to ~ 2777 To resolve higher-frequency components,
a spin echo can be added to flip the modulation function (Fig. ), which alters the
frequency-domain filter function accordingly (Fig. 4.2d). By extrapolating to sets of periodic
spin flips, the peak sensitivity frequency can be increased further, matching the periodicity
of the spin flips.

The spin echo sequences offer multiple benefits for more sensitively detecting photocur-
rents. Repeated spin flips effectively implement dynamical decoupling, which suppresses
low-frequency noise (see Fig. [4.2d, again) that simultaneously decoheres the superposition
and obscures small photocurrent signals. At higher pulse numbers, the longer spin coherence
time leads to a better sensitivity (oc 1/ \/Tz) and a narrower detection bandwidth.

To take advantage of these characteristics, ac photocurrents must be generated instead of
dc. In the novel photocurrent detection protocol, the excitation laser is pulsed at the period-
icity corresponding to the sensing sequence maximum sensitivity. Unlike noise spectroscopy,
which measures signals from noise sources that match in frequency but are incoherent, the
resulting photocurrents can be phase-matched to the detection sequence, producing a larger
coherent response and signal-to-noise. This technique is shown to be effective for resolving
photocurrents in MoSs.

MoSs is one of the class of transition metal dichalcogenides (TMD), which are 2D materi-
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als with strong light-matter interactions. Bulk TMD samples consist of layers that are bound
by van der Waals forces, but these individual layers, like graphene, are found to be stable as
isolated monolayers. Unlike graphene, a direct band gap emerges for few-layer TMDs as a
result of quantum confinement. At the band gap (~2 eV for most examples), strong absorp-
tion occurs at exciton resonances. These excitons have been measured to have large, ~0.3
eV binding energies due to the limited dielectric screening in the 2D host material. These
intense interactions hosted by an atomically thin material have made TMDs a candidate for
high-bandwidth photodetectors, high-efficiency photovoltaics, and flexible electronics. Re-
solving the details of photocurrent generation and behavior in TMDs is therefore pertinent

to developing these applications.

4.2 Experimental Setup

In order to be an effective local probe of photocurrents, the NV center sensors must be
brought into proximity with an MoS9 sample. While this can be accomplished with an
AFM tip hosting a single NV center, here a bulk diamond chip containing an ensemble of
near-surface NV centers is used, similar to previous graphene measurements [55]. The MoSg
is placed on the surface of the diamond, and coordinated photocurrent excitation and spin
measurements can be made due to the suitable spectral behaviors of the sensor and sample
(Fig. [4.5). This approach can be employed for other two-dimensional (2D) materials and
thin films with relatively low PL in the NV emission band.

First, two diamond samples were prepared with NV ensembles. The starting substrates
were 2x2x0.5 mm Ila diamond chips obtained from Element Six. These samples are (100)-
oriented and initially contained < 5 parts per billion residual nitrogen. To create the NV
ensembles, 1N ions were implanted with an area dose of 102 ¢cm™2 (CuttingEdge Ions,
LLC), which results in approximately 85 NV centers per optical spot size. The implantation

energy was chosen to be 30 keV (sample 1) and 15 keV (sample 2), which produces a layer
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of nitrogen roughly 40 nm and 20 nm below the surface, as calculated via the Stopping and
Range of Tons in Matter program. These depths provide two options in the trade-off between
proximity and coherence; shallower NVs are closer to the sensing target, but experience more
noise from the surface. Ultimately, the deeper sample was selected to gather the majority
of data presented here, since the current features vary over much longer lengthscales than
the NV depth, which reduces the importance of proximity. Sample 2 showed similar results
to sample 1, however. The implantation was also performed at a 7° angle to the surface
normal, in order to avoid ions channeling along crystal planes and traveling deeper into the
sample than anticipated.

After ion implantation, the NV centers were created by annealing. First, an anneal at
850 °C for 4 hr under argon forming gas formed the NV centers by mobilizing vacancies to
combine with implanted nitrogen. The NV ensemble spin coherence was measured to be ~ 8
pus. Next, a second, higher-temperature anneal was performed with the goal of reducing the
density of non-NV paramagnetic defects which contribute to decoherence [105]. This anneal
entailed 6 hr at 800 °C followed by 2 hr at 1100 °C, again in argon forming gas. Finally, a
2 hr bath in a 1:1 mixture of sulfuric and nitric acids, heated to 225 °C, oxygen-terminated
the surface and helped remove graphitized surface material. The resulting average To times
increased fourfold, to 34 us.

Though often obtained via exfoliation, MoSo can now be grown in high-quality mono-
layers at wafer scales. Here, just such a monolayer was grown via metal-oxide CVD on
a Si09/Si substrate via previously-established techniques [106]. The monolayer, polycrys-
talline samples display uniform electrical properties and an average grain size of several
microns. Next, poly(methyl methacrylate) (PMMA) was spun on the MoSs for 60 s at 3000
RPM, followed by a 10-min. bake at 180 °C. Thermal release tape was applied and used to
peel the monolayer from its substrate.

The MoS9 was transferred to the diamond substrate via a vacuum transfer technique [107]

to ensure a smooth, clean interface. The diamond was heated to 100 °C in a vacuum chamber
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Figure 4.3: Atomic force microscope images of MoSg on a diamond substrate. (a) Atomic
force microscope (AFM) image of an MoSy sample on diamond that had never been cooled
down. Surface roughness is 1.2 nm, compared to 0.3 nm roughness for bare diamond. This
sample had been exposed to air, with oxidation potentially increasing the roughness. (b)
AFM image of a different MoSo sample on diamond, at room temperature, shortly after a
cryogenic cycle. Nanoscale wrinkles appear at room temperature due to differences in thermal
expansion coefficients during the warming process, but are not expected to be present at low
temperatures. Surface roughness of the areas excluding wrinkles is 0.6 nm.

held below 70 mTorr, and then an intra-chamber manipulator pressed the PMMA /MoSs
stack onto the diamond for five minutes to ensure good adhesion. The thermal release tape
handle was removed, followed by a 1 hr bath in heated acetone to remove the PMMA. This
resulted in a uniform monolayer spanning the diamond surface. Finally, to allow for control
measurements, a second piece of thermal release tape was applied to half of sample 1, and
used to remove the MoSo covering that half of the sample. This produced a sample which
could easily be used to compare measurements on an NV ensemble with and without a
surface covering of MoSs.

An atomic force microscope (AFM) image confirms the quality of the MoSs-diamond
surface interface. As shown in Fig. [£.3] the regions covered by MoSy have surface roughness
between 0.6-1.2 nm r.m.s., increasing as the sample ages and MoS9 oxidizes. This compares
to 0.3 nm r.m.s. for bare diamond, so the MoSg conforms nearly perfectly to the sample
surface and no evidence of trapped contaminants or bubbles is observed. Fig. shows a
sample that has never been cooled down, while Fig. shows a sample after a cryogenic

cycle. Nanoscale wrinkles are evident, approximately 10 nm in height, which have previously
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Figure 4.4: Experimental schematic for measuring photocurrents in MoSo with NV centers.
MoSs is transferred to the surface of a diamond with a near-surface ensemble of NV centers.
Two independently steerable laser beams are focused through the objective to the sample:
a probe beam at 532 nm to read out NV center PL contrast, and an excitation beam at 661
nm to induce photocurrents in the MoSy. These beams are integrated into the optical path
with dichroic mirrors (DC), while bandpass filters (BP) restrict the PL collection to 685-830
nm. A suspended wire loop (RF) delivers microwave fields across the sample. An external
magnetic field (Bext) is aligned with the [111] direction, addressing a subensemble of NV
centers. The sample is cooled to 6 K in a helium cryostat.

been observed for 2D materials on substrates with significantly different thermal expansion
coefficients [108]. The wrinkles appear at room temperature when warming from low tem-
perature, as the MoSy expansion is much greater than diamond, but are not expected to be
present during the initial cooldown process when the MoSs contracts more than its substrate.

After successfully transferring the MoS9 monolayer to the diamond, the sample is placed
in the liquid helium cryostat and cooled to 6 K. The same custom confocal microscope
provides optical access, but instead of coplanar waveguides, microwaves are delivered via a
wire coil approximately 700 microns in diameter, and suspended ~100 microns above the
surface (Fig. . The permanent magnet, on a 1-in.-travel stage, provides magnetic fields
between 100 and 500 G, with the misalignment to one of the four NV axes ranging from
1-4° and typically ~ 2°. The 650 nm dichroic, previously used to couple in NV-resonant

lasers at 637 nm, is replaced with a 685 nm dichroic to couple in optical excitation for the
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Figure 4.5: Optical characterization measurements of MoS9 and NV centers. At left, a PL
map of the edge of an MoS9 monolayer on a diamond with sparse NV centers is shown.
The MoS9 PL overwhelms that of single NV centers, necessitating the use of ensembles. At
right, spectrometer measurements of two samples are shown under 532 nm excitation: an
NV ensemble with the same density as used to measure photocurrents, but with no MoSs on
the sample, and an MoS9 monolayer on a silicon substrate. The MoSy excitation wavelength
(Exc.) is near the peak of MoSg PL, but longer than the 637 nm required to excite NV center
optical transitions (NV ZPL). The PL measurement band from 685-830 nm is highlighted,
showing that the NV phonon sideband dominates the collection. A longpass filter was used
at 600 nm to remove 532 nm excitation. All measurements shown here are taken at room
temperature.

MoSs at >660 nm. For this excitation pathway, an AOM (Gooch & Housego) provides initial
gating, while a free-space EOM (ConOptics) with an 8-ns rise time performs fast switching
in concert with a Glan-Thompson polarizer.

The optical properties of NV centers and MoS9 overlap somewhat, but are different
enough to provide independent means of addressing each. Fig. shows a sample (not
used for any later data) which juxtaposes single NV centers and the edge of monolayer MoSg
on the diamond surface. PL collected under CW 532 nm excitation demonstrates that MoS9
fluorescence, nearing 400 kcps, overwhelms the signal of single NV centers at ~30 keps. This
explains the need for ensemble samples, where the enhanced PL will not be dominated by
broad MoS9 emission. Fig. shows separate spectra taken of the NV ensemble alone and
an MoS9 sample still on a silicon substrate. These spectra are taken at room temperature
with 532 nm excitation, and indicate how each sample is addressed in the same setup. 532

nm light is partially absorbed by the MoS9, but only up to a few percent of the total optical
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Figure 4.6: Coherence properties of near-surface NV center ensembles. At 6 K, spin mea-
surements are performed on the NV ensemble in proximity to the MoSo monolayer. Fits are
solid red lines, while the stretched exponential envelopes that extract the coherence time
are dashed lines. (a-b) Ramsey measurement X and Y projections with a 5-MHz detuning.
(¢) Hahn echo measurement, with the fit accounting for '3C interactions. (d) Coherence
oscillations during XY8-2 sequence. The fit includes terms for C interactions and field
misalignment. Sensing measurements are generally performed at 7' ~ 120 us to maximize
coherence.

power, which can be increased to compensate. The NV ensemble emission is much broader
than the PL from the MoS9 monolayer, so the PL collected in the 685 to 830 nm band is
primarily NV fluorescence. This band is used to read out the spin-dependent NV PL. Finally,
the MoS9 sample emits strong PL in its A exciton peak centered around 660 nm, of which a
small but manageable fraction extends into the collection window. More importantly, when
this transition is pumped resonantly (to excite photocurrents), it should not disturb the NV
center spins.

Fig. shows the results of spin coherence measurements on NV centers at 6 K in
proximity to the surface MoSg. The Ramsey, Hahn echo, and XY8-2 measurements are fit
with stretched exponential envelopes to determine coherence times of T5 = 0.51 & 0.08 ps,
T Hahn = 118 £ 8 ps, and Th xyg = 235+ 12 us, respectively. The XY8-2 sequence involves
sixteen evenly-spaced spin echoes around alternating x and y axes. These measurements
confirm that the NV spin properties are excellent in the presence of MoS9, and 77 measure-
ments (not shown) while illuminating with constant 662 nm (MoSs-resonant) light confirm
that NV absorption of that wavelength is negligible at cryogenic temperatures. After plac-
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ing an MoS9 sample near an NV ensemble and verifying that both MoSs excitation and NV

center spin readout can function independently, photocurrent measurements can proceed.

4.3 ac Photocurrent Measurements

As mentioned in section [4.1} the photocurrent sensing protocol adapts existing ac magne-
tometry methods, specifically the XY8 sequence (used in many experiments, for example
[T09, T10]). Except where otherwise specified, the data presented here are collected on the
{|0),]-1)} qubit. Shown schematically in Fig. 1.7, the XY8 sequence is defined by the

pattern
T N s
2/y 2/ var

where the subscript indicates the axis of rotation, each 7 pulse is separated by a time 7, and
the time separation between the 7/2 pulses and the chain of 7 pulses is 7/2. The first pulse
initializes the |z) superposition state, and the final pulse projects the +X, £Y components
of the final state of the system to determine the phase accumulation. The pseudo-alternating
axes of rotation decouple the spin from noise in both X and Y components, and also make
the sequence robust against pulse errors. The XY8 sequence is standard in performing ac
magnetometry measurements, where often the pulse spacing 7 is varied until a drop in the X
projection is observed, indicating a magnetic signal at frequency 7 /7. The number of pulses
can be increased, usually in sets of the eight-pulse block of Eq. [4.3] and so the nomenclature
XY8-N refers to a sequence with N repetitions of the basic XY8 pattern (8N total 7 pulses).

To add in a detectable photocurrent signal, 662-nm MoSy excitation is pulsed at the
same rate as the XY8 spin flips, with laser pulses of duration 7 and a wait period of 7
in between. For all measurements presented with varying 7, this indicates that both the
spin echo separation and the laser pulse duration were matched and swept together. This
coordinates the laser-induced signal with the XY8 modulation function, ensuring that it

is possible to observe a signal; for example, if the pulse duration was equal to 27, the
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Figure 4.7: ac photocurrent measurement protocol. (a) The two lasers are gated by modu-
lators, and the excitation (red) is synchronized to the spin flips of the NV sensing sequence
(RF, blue and yellow bars). The relative phase between the lasers and rf is defined as § = 0
when the first laser pulse ends in sync with the first spin flip, as shown. At the end of
the XY8 sequence, the X and Y projections are measured by projecting to the |0) state.
(b) The sensing sequence corresponds to a time-domain filter function M which inverts at
each spin flip. The laser excitation produces a periodic photocurrent signal J, which the
sensing sequence detects via its stray magnetic field. The product of the filter function and
signal gives the instantaneous phase accumulation on the NV superposition, d¢/dt. If the
signal has a nonzero rise time, as shown here, it introduces an effective phase shift between
the signal and sensing sequence, such that 6,,: > 0. It also broadens the original square
excitation pulses, such that the overlap with the filter function is both positive and negative
(bottom line). This reduces the total ¢ acquired for a given Bjqq-
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Figure 4.8: Detection of ac photocurrents and dependence on optical power. By varying
the delay phase 6, the origin of the signal is unambiguously attributed to the laser and
the behavior of X and Y is characterized. (a) X and Y with the probe laser displaced to
Rx = 1.07 pum, for two different optical powers. Simultaneously fitting X and Y extracts P,
the maximum phase accumulation. ® increases with optical power. (b) If the probe is moved
to the opposite side of the excitation, Ry = —0.67 pum, the X component is similar, but the
Y component changes sign, indicating a reversal of photocurrents. (c) Power dependence
of the signal at both spots, revealing a saturating signal. ® can be directly related to a
maximum magnetic field (Byqz) of a few milligauss (right axis). Inset: the signal increases
linearly with time, and so does not result from transients.

modulation function times pulse amplitude would always vanish and no signal could be
observed. However, there is still a degree of freedom in the relative timing of the laser pulses
and the spin flips. The delay phase 6 parameterizes this variable (Fig. , top line). It is
termed a phase because it is periodic — if the laser pulses are shifted in time by +27, the
train of pulses still appears the same. 6 is defined such that # = 360° is equivalent to a
shift of At = 27, and at # = 0 the first laser pulses switches off exactly at the time of the
first microwave 7 pulse. This means that the laser overlaps perfectly with the odd (1St, 3rd,
5th .) evolution periods between pulses, and if the laser causes a phase, it will be at its
positive maximum for 6 = 0. For 6§ = 180°, the first laser pulse switches on in time with the
first 7 pulse, the laser pulses overlap with the even evolution intervals, and any laser-induced
phase should be at its most negative. This behavior is analogous to tuning the phase shift

of a lock-in amplifier.

Initially, the sequence parameters are set to N = 2 and 7 = 7.6 us. This sixteen-pulse
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sequence thus has total time 7" = 121.6 us, which coincides with a strong revival of coherence
at the initial magnetic field of 226 G (see Fig. |4.6c). When performed on an uncovered area
of diamond, no phase accumulation is observed for any 6, as expected, since the absorption
of 662 nm light is negligible. However, when performed on a region covered by MoS9, large
phase oscillations appear, as observed in the Xp and Yp projections of the final state (Fig.
—b). These oscillations appear sinusoidal in 0, and match the expected behavior of an
observed sinusoidal phase as 6 is varied:

Xp(0) = Acos (®cos(f — Oopt)) + C, (4)

Yp(6) = Asin (®cos(0 — Oppt)) + C

A and C are the normalized amplitude and offset, expected to be exactly 1 and 0 respectively,
but included to properly fit noisy experimental data. ® is the maximum phase accumulation,
and 0y is a phase offset corresponding to that maximum. These equations are derived from
Eq. assuming BH is sinusoidal and synchronized with the spin flips. As the excitation
power is increased from 5.5 pW to 25 W, the oscillations increase in amplitude, but jointly
fit well to Eq. £.4 This allows ® to be extracted, and it is found to increase in magnitude
from ® = —0.417 at the lower optical power to ® = —1.257 at the higher power. As the
power is increased, a sublinear dependence of ® on power P is observed (Fig. 4.8c). The
data fit well to a saturation curve,

Dyt P

_ _sall 45
P+Psat ( )

where @44 is the maximum achievable (saturated) phase accumulation at high optical power,
and Psqt is roughly the power scale of saturation, defining the point where ®g44/2 is reached.
For the upper (positive-valued) curve in Fig. , the fit parameters are ®gqp ~ 2.57,
Pyt ~ 25 uW. These values of @ correspond to average BH on the scale of milligauss, which

will be made more precise in later analyses.
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Figure 4.9: Comparison of photocurrent measurements between |—1) and |+1) branches. By
measuring phase accumulation on both the {|0),|—1)} and {|0),|+1)} bases, it is possible
to determine the symmetric and asymmetric shifts on the |+1) levels. This distinguishes
thermal and electric field effects from magnetic fields. The observed phase accumulation is
equal and opposite to within error bars, indicating that thermal and electric field effects are
negligible in these measurements.

Before proceeding with extensive characterization of the photocurrent features, several
important control measurements must be discussed. As the order of the XY8 sequence is
increased, ® increases linearly (inset to Fig. ) as expected for a stable photocurrent
signal. This suggests that the signal does not originate either from a transient or from a
slowly-growing source. Next, Fig. compares the phase accumulation in the {|0),|—1)}
and {|0),|+1)} bases under identical conditions. The X p data are similar, but the Yp data
appear to be reflected, indicating that ®y 1 = —®g 1. This reference measurement is
important to establish the magnetic character of the signal, since temperature shifts and
electric fields (both of which can arise from laser irradiation) both shift the qubit levels.
However, these effects would symmetrically shift the |+1) levels, so the asymmetric shift in
Fig. [£.9] can only result from magnetic fields. The magnitude of the signal is approximately
equal and opposite, providing no evidence to suggest contributions from the confounding
variables. Additionally, 662 nm excitation is used throughout to generate photocurrents, but

the effects persist when using 675 nm excitation. The resulting photocurrents are smaller,
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consistent with lower MoS9 absorption at that wavelength. Finally, the ideal expressions in
Eq. are modified to account for a distribution of signals within the NV ensemble. The
photocurrent signal changes with a lengthscale comparable to the optical spot size of ~ 500
nm, and so different parts of the ensemble detect slightly different phase accumulation. To

quantitatively account for this, Gaussian averaging is added to the signal dependence on 6:

Xp(@.0.0) = —— [ Xp(@. ) ¥ 02 a0

_ o eos(0-0p)*0%/2x (0, ), (4.6)

2
and similarly, Yp(®,0,0)=¢" cos(0—bopt) 02/2Yp(®, 0).

Introducing this correction tends not to change the fit value of ® significantly, but does

improve the quality of the fits and matches the qualitative expectations.

4.4 Photocurrent Rise Times

In the preceding measurements, the green NV measurement laser and red MoSs excitation
laser were not directed at the same point, but instead intentionally misaligned by approxi-
mately one micron. The relative positioning of the two lasers determines the photocurrents
that are observed at the measurement spot, and so independent control of the two beams
enables spatial mapping of the photocurrent distribution. To systematically study these
effects, the following positioning coordinate system is adopted. The external magnetic field
is aligned with one of the four NV axes, all of which point out of the surface at a 54.7° angle
to the surface normal (Fig. . The surface normal becomes the z axis, and the preferred
NV axis is defined to be in the x-z plane. Equivalently, the z axis can be defined in the
direction of the projection of the NV axis onto the surface. The y axis is then perpendicular
to the NV axis along the surface.

The excitation lasers can be independently steered by adjusting their separate alignment

paths into the microscope objective. Reflections off the sample, including focal spots of both
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Figure 4.10: Phase shift of photocurrent signal as a function of location. Eq. is used to
fit X and Y data taken along the Ry axis. The optimal delay 6,,; increases monotonically,
and agrees with a symmetric linear fit (red line). 6, indicates an increasing rise time 7
as the probe and excitation are increasingly separated, which tracks the propagation of the
photocurrent distribution across the sample. The large error bars near Ry = 0.4 yum occur
because the signal crosses through zero near these points and the phase offset cannot be fit
well.

lasers, are imaged with a flip-mounted pellicle beamsplitter and CMOS camera so as to not
interfere with spin measurements. The pixel intensity values for each laser are fit to 2D
gaussian distributions to find their center locations, and a 1951 USAF resolution test target
(Thorlabs) is used to calibrate the conversion from image size to physical distance. The
image pixel size was found to be 95 nm, and beam centers could be reproducibly positioned
with an accuracy of 50 nm. The coordinate convention (R, Ry) designates a separation
between the red and green beam centers, taking the red focal spot as the origin.

Before mapping the magnitude of the photocurrent distribution, the spatially-resolved
measurements provide insight into the photocurrent dynamics. Fits from multiple datasets
taken along the x axis indicate that the phase offset, 0yp¢, steadily increases with separation
(Fig. [4.10). This suggests that the observed phase offsets are not due to calibration errors
between the excitation pulse train and the sensing sequence, but rather arise from physical
phenomena. In this system, a phase offset can appear naturally due to photocurrent rise

times which are comparable to 7. If laser excitation produced an instantaneous photocurrent
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Figure 4.11: Example signal shapes with different relationships between maximum and av-
erage amplitude. (a) Square, exponential, and triangle waveforms represent (normalized)
photocurrent signals in different rise time regimes: 7, < 7, 7, ~ 7, and 7, > 7, respectively.
The sinusoid waveform is used to derive Eq. [£.4] (b) Corresponding ¢ as a function of 6 for
each waveform in (a). While the square pulses produce a piecewise linear response that is
not observed in experiment, the responses of exponential and triangle waveforms resemble
a phase-shifted sinusoid response, justifying the use of the model. The maximum phase
¢ = max(¢(f)) depends on the rise time, despite all signals having normalized amplitude.
This dependence is captured in the § parameter during data analysis.

response, 6y, would remain zero. However, if an appreciable fraction of 7 passes before the
photocurrents reach their maximum, and it takes some time for them to dissipate after the
excitation is removed, the net effect is to temporally shift the photocurrents relative to the
laser (see Fig. , purple trace). Longer rise times should correspond to increased phase
offsets, and so Fig. [4.10] indicates that the photocurrent distribution rises fastest in the
center of the excitation spot, with increasing rise times at larger radii. This observation
agrees with intuition, and is explored further in section [4.5]

The knowledge that the photocurrents have appreciable rise times on the scale of 7
creates a need for more sophisticated data analysis to interpret observations, but along with
improved physical models comes additional physical insight. The current density J should
not be modeled as a series of square pulses, as this model cannot have 0,,: > 0 and exhibits
sharp corners in the resulting phase accumulation that do not appear in observations (Fig.
, blue trace). While a sinusoid (purple trace) is a good first approximation as the

fundamental frequency of the laser modulation, and useful to derive Eq. [£.4] it does not
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Figure 4.12: Amplitude correction 3 calibrated against phase shift . (a-b) From the
model Eq. @, analytical forms for 6, and (3 as functions of the rise time 7;- are computed.
Oopt cannot surpass a 90° phase shift and 3 ranges from 1 to 2. (c) Combining (a) and (b),
3 can be determined by the experimentally-observed f,,;. This enables a proper estimate of
Bay from O.

correspond well to the sharp modulation of the laser. A more natural choice is to use
exponential rise and fall times 7., as in the red trace of Fig. [£.11] In the limit of short rise
times, 7, < 7, the square wave is recovered. In the limit of long rise times, 7, > 7, the
signal approximates a triangle wave (green trace), which resembles a phase-shifted sinusoid
and achieves the maximum 6,,; of 90°. The steady-state form of the exponential curves can

be parameterized as follows:
Braz(1 — Ag) M1 —e /™), for0<t<r

By(t) = (4.7)
Bmaz(1 — Ao)fl(ef(tfﬂ/” — Ag), forT <t<2r

The constant Ag = e~7/T normalizes the functional form so that the amplitude is always
Baz-

With time-dependent, non-square photocurrent responses, it becomes critical to deter-
mine the relationship between the accumulated phase and the maximum magnetic field, since
the magnetic field is ultimately proportional to the current. The sensor is effectively per-

forming an integrated readout, with limited sensitivity to fine temporal details of magnetic
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field. For square pulses, the gyromagnetic ratio is a simple, context-independent conversion
factor. For this signal with a finite rise time, dividing ® by the gyromagnetic ratio will
underestimate the true maximum current, since the signal is partly smoothed across the
modulation function (see bottom line of Fig. |4.7). To account for this systematic error, a
proportionality constant [ is introduced, which relates the amplitude of the signal to the

acquired phase:

VeI Bmaz

T

(4.8)

The normalization by 7,7 ensures that [ is independent of the sequence length. For a square
pulse, 3 = 1, while for a sinusoid 8 = 5. An analytical expression for the exponential rise
of photocurrent signal (Eq. allows the calculation of 3 as a function of the rise time,
shown in Fig. 4.12| Since the rise time is not known a priori, a further calculation of 6, as
a function of 7, is necessary. This relation is then inverted to derive the proper 5 once the
phase offset is measured, as shown in the right panel of Fig. [£.12] The data analysis now
produces an accurate analysis of the maximum magnetic field by accounting for the phase

offset. For most data sets, 8 ~ 1.25.

4.5 Photocurrent Vortex Mapping

With proper data analysis, the spatially-resolved photocurrent measurements can be ana-
lyzed to determine the originating current distribution. Scans are taken along both the x
and y axes relative to the excitation beam, with results shown in Fig. In both cases,
the detected signal changes sign for some regions of the sample. This reversal indicates
that the direction of the current flow has also reversed. In equilibrium, the divergence-free
condition V -J = 0 and the rotational symmetry of the laser and sample system require that
any current must flow as vortices around the point of rotational symmetry — in other words,
the center of the laser focal point. A vortex pattern, like the one in Fig. 4.13| can explain

the unusual, asymmetric shape of the photocurrent distribution measured in the surface
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Figure 4.13: Spatial mapping of a photocurrent vortex in MoSs. (a) The Ry and Ry scans
of the vortex. If the external field is flipped, the circulating currents reverse direction (blue
data). Solid lines are fits to the data using the current distribution model in Eq.
and surrounding text. (b) The bottom layer shows the optical power density, assuming a
symmetric spot, for total incident power 25 W (PD); middle layer shows the simulated tem-
perature distribution in the MoSs monolayer (Ts); top layer shows the current distribution
fit to the data (J).

scans. As the currents circulate, they produce solenoid-like fringing fields. While the current
distribution is rotationally symmetric around the z axis, the NV axes are not parallel to z.
Since the NV centers respond to parallel magnetic fields, this creates an asymmetry in the
resulting fields at the NV depth of 40 nm. The NV axis is fully perpendicular to the y axis,
though, and so the y-axis distribution is symmetric still. This vortex extends out to several
microns in size, larger than the excitation beam (o= 0.45 pm).

The external magnetic field plays a significant role in the resulting photocurrent distri-
bution. While symmetry and steady-state considerations restrict current to flowing in a
vortex, the symmetry of left- and right-handedness would still result in zero net current.

However, the out-of-plane magnetic field breaks the symmetry and enables a net current to
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Figure 4.14: Temperature and magnetic field dependence of the observed MoSo photocurrent.
(a) The photocurrent signal rapidly diminishes with increasing base temperature. This trend
is consistent across the sample, and so does not appear to depend on the local MoSo-diamond
interface. A phenomenological trendline (gray) is shown as a guide to the eye. (b) The
observed signal increases linearly with applied field Bgy¢. In both plots, data are collected
at Ry = —0.95 pm.

be established. As an important corollary of this condition, the induced photocurrent should
change handedness if the external magnetic field changes sign. To test this, the permanent
magnet which applies the static magnetic field is removed, flipped, and replaced, resulting in
approximately the same magnetic field magnitude but opposite direction. The Rx scan with
the flipped magnetic field is shown in Fig. in blue, and corroborates this hypothesis,
as the Bj,q, values appear negatedﬂ Further supporting the importance of the external
field, the photocurrent is observed to increase linearly as the magnetic field strength is in-
creased, despite the same applied optical power (Fig. [4.14b). Carrier mobility is expected
to be excellent in the MoSo monolayer, and so with maximum magnetic fields of 0.05 T, the
photocurrent dynamics are well within the low-field regime.

The system’s temperature is also a key condition. The cryostat’s base temperature of 6 K

exhibits the highest signal, with the photocurrents dropping off precipitously (approximately

2. An important technical note here: when the direction of the external field is reversed,
the NV axis also reverses, and so the raw data acquires the same phase. The direction of
the lab-frame magnetic field can still be determined unambiguously, and for clarity it is this
quantity (Baq relative to the surface) that is plotted in Fig. [4.13
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as T73) as the chamber and sample temperature is increased (Fig. [4.14h). To ensure that
this dependence is not sensitive to local strain or surface conditions, data is taken from two
different parts of the sample at each temperature. The data from both spots match closely.
In general, this homogeneity is observed for all measurements; the outcomes are stable and
repeatable across different parts of the MoSo samples, even when lasers have been directed
at a spot for extended periods.

The posited origin of the photocurrents at a microscopic level is the photothermoelectric
effect (PTE), in which a heating laser induces a temperature gradient, leading to optically-
induced thermoelectric currents. PTE accounts for a multitude of observations to this point.
The signal is observed to depend strongly on applied field and temperature, displays a
significant rise time and diffusion behavior — the phase offset increasing with radius — and
saturation behavior with increasing optical power. Furthermore, MoSo has previously been
reported to have large thermoelectric and PTE responses [111], 112]. More specifically, given
the presence of a static magnetic field, the origin of the currents may be attributed to the
Nernst effect, in which electric current appears transverse to both a magnetic field and a
temperature gradient in a material [I13]. With the radially symmetric thermal gradient,
Nernst currents can circulate around the center of the temperature distribution, as observed
in the photocurrent measurements. To test the validity of a thermal photocurrent origin,
thermal simulations are performed.

The simulation of thermal dynamics in MoSg start from a 2D, rotationally symmetric
picture. The 2D heat equation is given by

pcpaTMa—(tR’t) — m%% [RdT‘Aé—g%’t)} + %[TM(R, t)=Tpl = f(R). (4.9)

p is the MoSy density; (7)) is the MoS9 thermal conductivity; G is the thermal interface
conductivity between MoSo and diamond; d is the MoS9o thickness; f is the laser heating

source, assumed gaussian and with a measured beam radius; and Ty and T are the tem-
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Figure 4.15: Temperature simulations in monolayer MoSy. (a) Increase AT}, from a base
temperature of 9 K after an optical pulse of duration 7.6 us. (b) Spatial dependence of
the thermal gradient for various optical powers. The incident power does not dramatically
change the normalized distribution. (¢) Dependence of the thermal gradient at R = 1 gum on
optical power. A sublinear, saturating behavior is observed, in agreement with experiment,
with a fit line displayed.

peratures of MoS9 and diamond, respectively. Tp is assumed constant, due to diamond’s
high thermal conductivity and low absorption. The remaining parameters, except for ¢, are
either taken from published values or measured in experiment (see Appendix . Tp is set
to be 9 K, slightly above the cryostat base temperature of 6 K, to account for steady-state
heating. The MATLAB PDE toolbox is used to perform the simulation, and some results
are displayed in Fig. [4.15] The model reproduces many of the experimental observations,
including a roughly Gaussian thermal distribution (since PTE currents are proportional to
temperature gradients) and a saturating rise time with additional power. ¢ is chosen such
that the system demonstrates a rise time of ~ 1 us, which requires ¢, ~ 200 J/(kg K2)xTys,
whereas the room temperature heat capacity is measured in other experiments to be 400
J/(kg K) [I1I]. This discrepancy is still unexplained, but could arise from surface contam-
ination such as residual PMMA or adsorbed gases during the cooling process. The overall
good agreement in simulation supports the PTE origin of the photocurrents. The simulated
equilibrium thermal distribution is represented in the middle layer of Fig. [£.13p.

A second model is used to calculate the magnetic field produced by a circulating cur-

rent distribution, since the measurements provide no information about the magnitude or
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temperature dependence of the MoSo Nernst coefficient which relates the temperature gra-
dient to a transverse current density. As the temperature distribution is roughly gaussian,

a current density proportional to the derivative of a gaussian is assumed,

_R%
J(R) = Joige 207 (4.10)

oJ

where Jj is the amplitude and o the radius of maximum current density. The current is
assumed to circulate around the origin due to the previously discussed symmetry consid-
erations, and oy is taken to be ~ 1.0 pm, close to the maximum of the derivative of the
simulated thermal distribution (Fig. , middle). This current distribution is displayed
in the top layer of Fig. [4.13p, along with the thermal simulation results and the measured
excitation beam power density. B(R) is then calculated by integrating the Biot-Savart law
over the concentric infinitesimal current loops. The field is calculated for a depth of 40 nm
below the MoSs plane. Finally, to match the experimental conditions, B is projected onto
the NV axis. The ideal NV axis in the specified coordinate system is iy V = (v/2,0,1)/v/3,
but slight rotations around the y (-5°) and z (8°) axes are included to allow for experimental
nonidealities. The Rx and Ry scan locations are also allowed to have small offsets (< 250
nm, or about two pixels) to account for systematic beam positioning errors. This projected
field is shown in Fig. [4.13] alongside the experimental data, and shows good agreement to
observations.

The current density model approximates the experimental observations with Jy = 0.8
pA/pm and oy = 1.0 pm. Integrating J(R) over R > 0, an estimated maximum of 1.3 pA
flows in the vortex for an excitation power of 25 yW. Accounting for the 85% transmission of
the microscope objective, this indicates a photo-response of ~ 60 mA /W, and in an applied
field of 226 G along the NV center. Since only the out-of-plane component is expected to
affect the photocurrent, the normal component of 130 G leads to a linear slope of ~4.6

A/(W T) at low fields and optical powers. This strong photo-response corresponds to the
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Figure 4.16: Spatially-resolved photocurrent rise time measurements. By sweeping 7 (for
both optical pulse duration and spin flip intervals), different values of 7,./7 can be tested.
For small 7, the signal diminishes and the rise time can be fit using Eq. [1.7] Data sets from
two different Ry are displayed, documenting the increase in rise time for points farther from
the center of the excitation beam.

high Seebeck coefficient and low thermal conductivity of monolayer MoSs.

A final set of measurements on the photocurrent vortex delves deeper into understanding
photocurrent rise times by taking spatially and temporally resolved measurements. The
thermal simulations predict that thermal rise times increase at farther distances from the
excitation beam center, and some evidence for increasing rise times was already seen in the
phase offset data in Fig. [4.10l To more directly investigate, measurements with different
7 are taken with other conditions held constant. As 6, is only observed to vary with
position, not optical power or XY8 order, these measurements explore different values of
7r /7. Fig. 4.16| shows the measured Bjq. for sweeps of 7 at two different positions, one
closer and one farther from the excitation spot center. As 7 — 0 at constant 7., the
maximum achieved magnetic field is reduced from Byaz by the factor (1 — e~ /™) (Eq.
. This relationship is directly observed by measuring the field instead of 8y, and 7, is
fit to 0.8 + 0.2 us for the closer spot and 1.4 4+ 0.2 us for the farther spot, consistent with
expectations. Thus, the ability to control 6§, 7, and independently steer the green and red

lasers enables spatiotemporal photocurrent measurements which investigate rise time and
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Figure 4.17: Smallest resolved photocurrent. The phase-resolved measurements, enabling
signal to accumulate in Y, result in sensitive signal detection. Fields as small as 0.14+0.05
mG can be measured, corresponding to 20 nA/um current density. Very little information
is carried in X measurements, so significant gains in measurement efficiency are possible by
optimizing for the most sensitive data points.

diffusion phenomena, which are challenging to observe locally in 2D materials.

4.6 Measurement Sensitivity

In Fig. [4.17] a minimum signal of B,,;,, = 0.14 £ 0.05 mG is detected after ~2 hr averaging
time. The Yp measurements provide nearly all the signal information, as Yp o« sin¢ ~ ¢ is
more sensitive than Xp o< cos ¢ ~ 1 for small ¢. This highlights the advantage of perform-
ing phase-resolved ac measurements instead of either dc or random-phase ac measurements
(typical for magnetic noise sensing). To convert the detection limit to a current density, an
infinite sheet model is used, which produces constant field regardless of the sensor distance.
This current sheet is assumed to flow along the y axis, so that its field is maximally projected

along the NV axis. The minimum detectable current is then calculated via

10 I mi
Bsheet = 2mm (17 0, 0)

Bmin = Bsheet : ﬁNV (4'11)

Imin = 20 nA /pum
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This provides a factor of 50 improvement over the resolution limit of dc current sensing with
ensembles or scan-probe tips demonstrated so far. In addition, this figure is calculated based
on the full set of X p(6), Yp(#) measurements. As evident in Fig. [4.17] the X p measurements
provide no information on small signals, and need not be taken. Similarly, the information
from Yp data can be maximized by taking just the one or two points with the most signal

per time (at 6 = 6,,¢). The magnetic sensitivity of the measurement is given by

o

= — 4.12

where o is the standard deviation of signal S, and By is the field amplitude. For an instan-
taneous, square wave photocurrent signal with 50% duty cycle, the signal produced by the
XY8-N sequence is

O = (27e) x T'By/2. (4.13)

Here, T'= 8N is the sensing time. At small ®, Yp is approximately linear in ®, and

dYp
—— =CN, T. 4.14

Npp, 1s the number of photons collected in the measurement, and 2C is the percent contrast
between the bright and dark spin states. When photon counts are limited by Poissonian
shot noise, as in these experiments, the signal standard deviation is o = \/N_ph . Finally, the
magnetic field sensitivity is

(4.15)

1
"B=—"__ " /—

Under typical measurement conditions, T' ~ 150 us, the photon collection rate is Nph ~0.75

per measurement, and the contrast C, reduced by MoSs background, is ~0.01. With these
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figures, the sensitivities are estimated to be

_ 110
B = "
nA ’
ny = 200

pmy/Hz

This measurement is still far from optimized. NV ensemble measurements have achieved
ac magnetic sensitivities well below 1 nT/ VvHz, which improve the current sensitivity ac-
cordingly. Several simple steps to increase sensitivity include optimizing the NV ensemble
density, using isotopically purified material to increase coherence times, and improving col-

lection efficiency.

4.7 Conclusion

This chapter has presented a novel technique for detecting quasistatic and ac photocurrents
with NV centers in diamond. This technique is well-suited for 2D materials and thin films,
as it locally detects photocurrents through their magnetic field signatures, avoiding the need
for invasive electrical contacts. Synchronizing pulsed photoexcitation with ac magnetome-
try sequences improves the sensor coherence time and allows phase-resolved measurements
of current densities as small as 20 nA/um, 50 times smaller than the dc limit. The high
sensitivity and optical diffraction-limited spatial resolution are used to map a photocurrent
vortex in MoSsg attributed to photothermoelectric origins. Temporal resolution provided by
ac measurements at different frequencies chart a rise time of approximately 1 us and demon-
strate the propagation of the photocurrent distribution across the sample. The protocols and
analysis presented here are expected to become useful methods for investigating electrical,

thermal, and photocurrent phenomena in 2D materials.
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Appendix A

Details of Superadiabatic Pulse

Shapes

Stimulated Raman adiabatic passage (STIRAP) is a means of transferring population be-
tween two states without a direct coupling, via an intermediate excited state. As an adiabatic
technique, it is characterized by robustness to noise and experimental imperfections, but also
by long evolution time to achieve a high degree of adiabaticity. Superadiabatic transition-
less driving (SATD) is a modification of STIRAP which aims to reduce nonadiabatic errors
introduced by finite evolution times. The key elements are that SATD intentionally de-
viates from the ideal adiabatic evolution, while still matching the desired final and initial
states. It also only uses existing couplings instead of introducing new control fields or interac-
tions, and seeks to maintain the adiabatic robustness even over shorter durations. Here, the
original STIRAP protocol, SATD, and a variant SATD (MOD-SATD) are presented for the
{|-1),|+1) ,]A2) } A system of the NV center. In addition to full STIRAP, the modifications
necessary to perform fractional STIRAP are included.

First, the details of STIRAP are recapped from section[3.1.1] The A system Hamiltonian
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18
0 0 Qp(t)

H(t) = 0 20 Qg(t)eids (A1)

1

2
Qp(t) Qg(t)e s 2A

where Q2p is the pump pulse, 2g is the Stokes pulse, ¢g is the phase difference between

the two, and A and § are the one- and two-photon detunings, respectively. In STIRAP,

A =06 = ¢g = 0 typically. When the drives are parameterized with an overall and relative

amplitude,
Qp(t) = Q(t)sinb(t),
(A.2)
Qg(t) = Q(t) cosH(t),
the eigenstates of the system can be written as follows:

By (b)) = % (sin 0(t) |=1) + cos O(t) [+1) £ [ Ag)), s

|D(t)) = cosf(t) |—1) —sin6(t) |+1) .

|B+) are the two bright states, due to their [As) components, while |D) is the dark state.
The STIRAP protocol utilizes the time dependence of the instantaneous dark state to evolve

an initial state (here, |D(¢;))=|—1)) to a different final state (here, D(tf)>:|+1>). To

more suitably describe the adiabatic characteristics of the protocol, a change of basis can be

applied to make the eigenstates time independent. Using the unitary

U(t) = |D) (D) + [B+) (B+(t)| + [B-) (B-(1)], (A.4)
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the Hamiltonian can be rewritten in the adiabatic basis as

= 18, (8,1 - 1B-) (B.)
(A5)
| #80t) (1B2) +yB (By| + (B_|
! ( + (o] - D) P )
LU 2 D,

In the last line, a new set of spin-1 operators is introduced, M;, which are defined on the

{|B+> ) |D> ) |B—>} basis:

0 -1 0 0 i 0 10 0
My=—72|-1 0 1|, My=—7%|—-i 0 —i|, Mc=[00 0] - (A6

0 1 0 0 ¢« 0 00 -1

These operators obey the commutation relation [M;, M;] = ig; ;. M}, with € the Levi-Civita
symbol. In this formulation, it becomes clear that the system can only remain exactly in the
dark state if @ = 0, and that the adiabatic approximation is satisfied if Q > 6 for all ¢.

In adiabatic shortcut methods like SATD, the Hamiltonian is augmented with some ad-
ditional control, H.(t), which ideally reduces or eliminates the effect of the off-diagonal term
in the adiabatic Hamiltonian. Nonadiabatic STIRAP errors can be completely suppressed by
applying a direct coupling between |—1) and |+1), but this subverts the original assumption
of STIRAP that the initial and final states are not necessarily coupled. In order to avoid in-
troducing additional coupling terms, the adiabatic states can be dressed by a time-dependent
unitary V' (¢). In particular, the dressed dark state can be modified from the adiabatic dark

state, expressed generally as
‘D(t)> = VI(0)|D(t) = c+() [B+ (1)) + c—(t) [B-()) + cp(t) [D() . (A7)
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V (t) is chosen to still satisfy the boundary conditions,

D)) = Vi) Ip() = -1,

] (A8)
Dit)) = Vi@ DUep)) = 1+1).

implying V'(¢;) = V(t;) = I. In this dressed state basis, the corrected Hamiltonian becomes

Hy (1) = VU ) () + B0 U v o+ v S ot v +

(A.9)

H,. can then be designed to eliminate couplings between the dressed bright and dark states.

Due to the boundary conditions, the initial and final states match the adiabatic case, so in
the absence of dissipation, perfect state transfer is expected.

The SATD protocol is derived by choosing V(t) to diagonalize the original adiabatic

Hamiltonian (Eq. [A.5)). Ref. [80] details the full derivation, with the resulting dressed state

transformation given by

Vsgarp(t) = exp [—z’ arctan (29—) Mx] : (A.10)

The corresponding correction term is given by

. dVg 4 t
He(t) =~ (V] ypp (1) =4I W
) ()< A.11)
_ L, 00)Q(t) - 0(1)Q(t) _ (
o 2 Q2(t) _|_ 402(t) (COS@(Zf) |_1> <A2| - Slne(t) H‘1> ‘AQ) -+ hC)
When the adiabatic pulse parameters are applied, that is (see also Eq. ,
s 1
0(t) = =
O = eIy )
Q(t) = Qo,

the SATD pulse shapes in Fig. [3.3] are produced.
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MOD-SATD is a further modification of the SATD protocol which reduces the excited
state component of the dressed dark state. This is accomplished by reducing the degree
of transformation in the dressed state, since the adiabatic dark state has no excited state
component. The dressed state unitary V' (¢) is modified from Eq. as follows:

Viop(t) = exp (A.13)

‘ o(t)
—g arctan <2W> M,

If f(t) > 1, the angle of the unitary transformation will be reduced toward an identity

operation. A correction of the form
Ft) =1+ Ae /T (A.14)

was optimized in Ref. [80] to minimize <A2) f)(t)> by tuning parameters A and T'. Using

the modified dressed state, the correction term becomes

Ho(t) = iU (V0 p (1) P MOP O gy

_ 00 f) — 00 (20 f®) + Q0 1) (A.15)
Q2(1) f2(t) + 462 (t)

(cose(t) 1= 1) (Ag| — sin6(t) |+1) |Ag) + h.c.).

The corresponding MOD-SATD pulse shapes, also starting from the adiabatic pulses, are
shown in Fig. [3.3]

Finally, fractional STIRAP [114] is also derived from the original adiabatic pulse shapes.
The fractional STIRAP boundary conditions differ from STIRAP:

Dit)) = -1).

| (A.16)
)D(tf)> = COS@f ‘—1> + €_l¢s Sin9f |—|—1> .

To achieve the desired final state, 6 is ramped to an intermediate angle 0 instead of /2.
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The corresponding protocol parameters are

0
_ f
Q(t) - 1_’_e,ljta
)
Ot)=——20 £,
) DR (A.17)

Qp(t) = —Q(t)sind(t),

Qg(t) = Q(t) cos O(t)e?s.

The SATD variant of fractional STIRAP is likewise found through Eq. [A.TI] The pulses
employed in Fig. use & = v, tg = 3.73/v, which correspond to the same maximal speed
as ful.STIRAP SATD: v = 1.315 Q54TP (Eq. [3.6).

min
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Appendix B

Details of Holonomic Quantum Gates

B.1 Holonomic Gate Parameters

Gate Loop Parameter § Loop Parameter ¢ Detuning (A/Q)  U(6, ¢, A, Q)

X T 0 0 <(1) é)

v : : 0 ()
Z() 0 - o ((1) 697)

H i o o H5(G)
X(w/2 3 0 y o w47
X(rf) 3 0 = %)
Y (r/2) : 5 . ()
v(-/2) 5 5 7 %(_11 i)

Table B.1: Experimental parameters for implementing holonomic gates. These choices reflect
the control fields as defined in Eqgs. and which perform the geometric operation U
described in Egs. and Relative to the conventional definition, H is performed on
swapped basis states due to the experimental implementation, but is still a Hadamard gate.
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B.2 Quantum Process Tomography

As described in section and performed throughout section [3.3] quantum process to-
mography (QPT) is a method to thoroughly characterize the effect of a quantum process,
even a dissipative one, on arbitrary quantum states [115]. QPT is performed by preparing a
set of initial states in the |£1) basis, applying the process under study, and measuring the
resulting output states.

The basis states for the NV center ground state qubit are as follows:

[£2) = [F1),
) = = (1+2) £ -2)), B.1)
) = — (1+2) £ ]—2)).

V2

To perform QPT on a test process &, the initial states |¢;) = {|z),|—=2),|x),|y)} are pre-
pared, corresponding to initial density matrices p; = |v;) (¥;]. Next, the operation & is
applied, and the final density matrix is measured through a standard quantum state tomog-
raphy approach [I16], which entails projecting the final state along the X, Y, and Z axes.
After £ (or any other quantum process) is applied, the final density matrix p 7 is determined

by the initial density matrix and a process matrix y:

4
pr= Y XjEjpiEx. (B.2)
Jik=1

The E; basis operators are chosen to be

By =1 B3 =Y = —io
Y (B.3)
EBo=X=0, E =Z=o0

Performing state tomography for the set of initial states allows x to be determined by

inverting Eq. , following the method of ref. [IT5]. The estimated x is constrained to be
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a positive semidefinite matrix, to ensure it is physical. However, while residual population
in |Ag) is negligible due to the short lifetime, loss can occur to the |0) state due to errors
in microwave projection pulses and weaker radiative decay pathways. Thus, Tr(y) is not
guaranteed to be 1, and in experiment is observed to be slightly less than 1. The reported
fidelity metrics are computed via F = Tr (Xeprz‘d), given experimentally determined Xezp
and theoretically ideal y;4. To isolate the errors resulting from the holonomic gate alone, the
calculated fidelities are normalized by the identity operation - that is, QPT is performed for
an identity operation (a simple wait time instead of an optical pulse) to calculate its fidelity

Fr, and the fidelity of other gates G is F¢/F. The identity fidelity is Fy = 0.97 + 0.01.
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Appendix C

Thermal Modeling of Molybdenum

Disulfide Laser Heating

Section describes the 2D heat equation model which is used to estimate the heating of
the MoSo monolayer on diamond as a result of photoexcitation. This appendix provides
more details of the simulations and their relevance to the experimental results. The 2D heat
equation (reproduced from Eq. is

pp D o[RSy ol = s (c)

Due to the radial symmetry of the laser and the uniformity of both the MoSy sheet and
the MoSs-diamond interface, the 2D model can be reduced to the radially symmetric form
shown above, and solved for the MoSo temperature T as a function of radius R and time
t.

There are a large number of unknown or estimated physical quantities in this system,
which prevent the use of the discussed measurements for precisely fitting thermal parame-
ters. However, this does not preclude their future use for such ends, but rather reflects the
difficulty of measuring the material properties of 2D materials, especially at low tempera-

tures. For these simulations, the use of related (but not exactly matched) literature values
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Symbol Quantity Value Units  Source

p MoSy density 5.06 x 1015 [% [1171]

Cp Specific heat capacity of MoSg 200 - Ty kgLK See text

K MoSsg thermal conductivity (2x1077) - Ty, puan [T17] (expt.)
G Thermal interface conductance 5x 10710 Mm% [T18] (theory)
d MoSs thickness 6.5x 1074 pm  [I1T]

Tp Diamond substrate temperature 6 K Measured

Table C.1: Simulation parameters for 2D heat equation model.

and assumptions proves necessary to obtain quantitative results. Monolayer MoSo thermal
conductivity, x, has been experimentally measured down to low temperatures, with x ~ T3
below 100 K [I17]. For the simulation, this is approximated with a linear temperature de-
pendence. In some cases, only theoretical studies of the parameter exist. For example, a
key parameter is the thermal interface conductance, G, which in ref. [I18] was examined for
monolayer MoS9 on a SiO9 substrate. G is found to strongly decrease with temperature,
G « T*, and its approximate value at 10 K is adopted for the simulations. The tempera-
ture of the diamond substrate, T, is assumed to match the cryostat temperature measured
at the base of the sample holder due to good thermal contact with the sample mount and
diamond’s excellent thermal conductivity. The thermal parameters incorporated into simu-

lation, and their sources, are collected in Table [C.I] Several laser parameters, which define

Symbol  Quantity Value Units Source
f Laser heat source ﬁg%eRz/ 2R3 % TEMgo mode
P Laser power at objective 1-45%x1076 W Measured
n Objective transmission 0.85 - Specification
a MoSy absorption 3x 1072 - [119, 120] (expt.)
Ry Laser beam width 0.45 pum  Measured

Table C.2: Simulation parameters for laser heating source.
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the magnitude of the heating, are also measured. Total laser power, P, is measured at the
back aperture of the confocal microscope objective, and the radius of the gaussian beam at
the sample surface, Ry, is measured via the reflected camera image. These parameters are
listed in Table [C.2] Due to the approximations that enter into the calculations, the simula-
tion is not expected to be predictive, but rather to support the conclusions drawn from the
experimental data and inform order-of-magnitude estimates.

The low-temperature heat capacity of MoSs, ¢, is an important parameter for setting
the timescale of the dynamics, but is not well-studied. Ref. [121I] predicts ¢) ~ T L1 below
50 K, and so a linear model is adopted. With the other parameters reported here, a value of
cp = 200 J/ (kg K2)-T)ys reproduces the microsecond-scale dynamics of the experiment. This
estimate is significantly higher than the existing theoretical predictions for single-crystal,
monolayer MoSs [121), 122]. While the MoSy sample is polycrystalline, and grain boundaries
can increase cp, the grain size of about 3 um is 2 the photocurrent effects. Other poten-
tial sources of increased heat capacity include defects in the sample, accumulated during
storage and handling, PMMA residue from the initial transfer process, or adsorbates aggre-
gating during the cooling process. The presence of some moderate MoSo photobleaching
may suggest the presence of surface adsorbates. This photobleaching, which occurs only at
low temperature, does not appear to affect the photocurrent measurements. Further exper-
imental and theoretical work will be necessary to investigate the possibilities. However, the
qualitative agreement provided by the simulations with available parameters support the

photothermal origins of the effects and motivate these future studies.
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