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Abstract

Quantum Optical Control of Single Spins in Diamond

by

Christopher Gordon Yale

The nitrogen-vacancy (NV) center in diamond has garnered great interest

over the past decade as its electronic spin shows promise as a quantum

bit (qubit) and nanoscale sensor. Consisting of a substitutional nitrogen

adjacent to a vacant site within the carbon lattice of diamond, this defect

exhibits millisecond-long spin coherence times extending beyond room tem-

perature, spin-dependent optical addressability, coupling to intrinsic and

nearby nuclear spins, and it can be controlled and manipulated through

electrical, magnetic, and optical means. In particular, at cryogenic tem-

peratures (T < 25 K), the NV center’s excited state becomes sharp and

optically resolvable, providing a solid-state quantum optical testbed. In

this thesis, I describe several experiments that explore this quantum optical

interface to facilitate the development of a photonic network of single spins

linked and controlled by light. We begin by exploring how electric fields

tune the orbital levels within the NV center through the DC Stark effect,

finding a surprising photo-induced field that aids in the ability to tune mul-

tiple NV centers’ optical transitions to degeneracy. We then develop tech-

niques to fully control the spin state of the NV center by coupling through

a lambda (Λ) system, an energy configuration consisting of two lower levels

coupled to one of higher energy. When a Λ system is optically driven, the

spin becomes trapped in a dark state, or the eigenstate of the system that
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is not coupled to the light fields through destructive interference, forming

the basis for the various types of control demonstrated. We demonstrate

arbitrary-basis initialization and readout of the spin state through coherent

population trapping, as well as the ability to rotate about any arbitrary

basis through stimulated Raman transitions. Combining these techniques,

we measure the NV center’s spin coherence through a completely optical

measurement. We then extend these Λ system techniques to adiabatically

move the dark state in trajectories around the Bloch sphere. Such trajec-

tories accumulate a quantum mechanical phase that depends only on the

geometry of the path enclosed, not on the energetics or time of the interac-

tion. We characterize the interaction, measure this phase, known as Berry

phase, and explore the limits of its control and resilience to noise. Finally,

we demonstrate another all-optical control technique that uses strong ul-

trafast pulses of light to transfer the spin between the ground and excited

states, deriving spin manipulation from the excited state dynamics. This

technique also provides time-resolved spectroscopy of the excited state and

its various decay and decoherence mechanisms. These experiments advance

the progress toward the development of photonic networks coupling and

controlling defects through light-matter interactions.
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Chapter 1

Quantum optics and the NV

center

1.1 Introduction

The interaction of light and matter underlies how we perceive and study

the world around us. In particular, materials emit and absorb electromag-

netic radiation in different ways, which is revealed through the distinct

spectra of each material. In the late 1660s, Sir Isaac Newton discovered

the dispersion of light into its component colors, or spectrum, through a

prism [1]. Spectroscopy developed further with the experiments of Joseph

von Fraunhofer using diffraction gratings in the early 1800s [2, 3]. By dis-

persing the light radiating from a material through a diffraction grating,

distinct emission (bright) or absorption (dark) lines can be resolved within

the visible spectrum. These lines act as a way to identify the constituent

elements within a material.
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The reasoning for these emission and absorption lines is understood

through quantum mechanics. At its most basic level, when we examine

the atoms that make up a material, we find that electrons within an atom

have distinct energy levels, or eigenstates. A given energy separation, E,

between these levels corresponds to a particular frequency of light, ν, such

that

E = hν (1.1)

where h is Planck’s constant and ν is related to its wavelength, λ, through

the speed of light c = λν. An atom can absorb or emit radiation of

that frequency, ν, causing a transition from one level to another. As we

combine atoms to form macroscopic materials, the component atoms bond

and develop a series of emission and absorption lines or bands that are the

hallmark of that particular material.

One such material, diamond, sought after not only for its perceived rar-

ity and beauty but also for its excellent thermal conductivity and extreme

hardness, nominally does not emit or absorb electromagnetic radiation in

the visible range. This is because when carbon bonds tetragonally in an sp3

configuration, it forms a large energy bandgap. Bandgaps occur in semi-

conductors and insulators when no electron states exist at those energies.

The bandgap of diamond is 5.5 eV, corresponding to light at a wavelength

of 225 nm, well into the ultraviolet region. However, defects in the crystal

lattice, such as vacancies, substitutional or interstitial atoms, and com-
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plexes of these, can form energy levels that exist within this bandgap,

allowing the emission and absorption of different wavelengths of visible or

infrared light.

N

V

Figure 1.1: NV center schematic The NV center consists of a substitutional

nitrogen (yellow) adjacent to a vacant site (transparent) within the sp3 bonded carbon

lattice (dark blue) of diamond.

Diamonds that appear yellow are due to significant amounts of sub-

stitutional nitrogen defects within the lattice. Likewise, diamonds that

fluoresce blue under ultraviolet illumination are a result of a defect known

as the N3 center, consisting of three substitutional nitrogen atoms sur-

rounding a vacant site. In particular, this can be seen in these diamonds

on bright sunny days. The rare and prized pink diamond is likely due

to large concentrations of a particularly fascinating defect known as the

nitrogen-vacancy (NV) center, a single substitutional nitrogen adjacent to

a vacant site in the lattice, which emits red light (Fig. 1.1). This de-
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fect in particular has garnered attention over the past decade as it acts as

a trapped atom or molecule within the carbon lattice. When negatively

charged, the defect consists of six electrons trapped closely to the defect

site. The energy levels of these electrons give rise to a series of levels that

exist within the bandgap of diamond, which will be discussed in detail

later in this chapter (§1.6.1). The particulars of this energy configuration,

the ability to isolate individual instances of these defects, and a long-lived

spin coherence make the NV center a promising quantum bit (qubit) for

quantum information processing as well as a capable and comprehensive

nanoscale sensor. In this thesis, I will describe experiments that probe

the interface between light and an individual NV center to fully control its

spin through optical means. These demonstrations are important steps in

the development of photonic networks of solid-state defects controlled and

linked by light.

1.2 Quantum optics for quantum

information processing

The study of the interaction between light and matter at its most fun-

damental levels is known as quantum optics. Until the development of

quantum mechanics, the understanding of these interactions was largely

empirical as seen in spectroscopy. While the exact nature of light had

been debated for centuries as to whether it was corpuscular or wave-like.
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Around the advent of the 20th century, Max Planck partially formulated

light as existing in packets, or quanta, in order to model the behavior

of blackbody radiation [4]. It was later expanded by Albert Einstein in

his understanding of the photoelectric effect [5]. This description gained

further traction, when, in 1913, Niels Bohr used the quantization of light

along with the quantization of energy levels within atoms to describe the

observed spectral emission of the hydrogen atom. As quantum mechanics

further developed, the nomenclature “photon” was soon ascribed to these

quanta of light having both a particle and wave-like nature.

With the advent of quantum mechanics, study of the fundamental in-

teractions between photons and matter grew, but it was not until the

development of the laser in the latter half of the 20th century [6], that this

field truly developed. While quantum optics underlies significant advances

in atomic and solid-state physics, such as the development of laser cool-

ing, atomic clocks, frequency combs, photonic crystals, and Bose-Einstein

condensates, this chapter will focus on using light to control individual

quantum systems. Such efforts were pioneered in the 1990s by physicists

including David Wineland and Serge Haroche who were awarded the Nobel

Prize in Physics in 2012 for their experiments exploring the fundamental

interactions of light and matter to control trapped ions [7] and individual

photons [8], respectively.

The ability to control individual quantum systems is essential for the
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development of quantum information processing (QIP). In this framework,

an individual quantum system plays the role of a quantum bit, or qubit.

A qubit is analogous to a bit of information found in a classical computer.

Classically, a bit has two distinct states, on and off (0 or 1). A qubit in-

stead takes advantage of the probabilistic nature of quantum mechanics.

Here, a qubit can exist in either 0 or 1, as well as any superposition of

those two states, much like the famous Schrödinger’s cat. Qubits come in

many flavors, from trapped ions to superconducting Josephson junctions;

however, our qubit of choice is the diamond NV center. To develop proto-

cols for QIP, it is necessary to have the ability to initialize a qubit into a

particular state, rotate from one state to another in a quantum gate, and

to readout its final state. As I discuss below, light provides the control

field mechanism for such a qubit.

1.3 The dipole interaction

To develop an understanding of the interaction of light with a qubit, we

begin by investigating the effect of an external electromagnetic field on

that of an electron bound to an atom. We start with the time-dependent

Schrödinger equation,

i~
∂

∂t
|ψ〉 = Ĥ |ψ〉 , (1.2)

which describes how a quantum system evolves in time, where Ĥ is the

Hamiltonian of the system, |ψ〉 is the wavefunction describing the quantum

6



state, and ~ = h/2π. The standard Hamiltonian for an electron bound to

an atom (or a defect) is given by,

Ĥ0 =
1

2m
P̂ 2 + V (r), (1.3)

where P̂ = −i∇ and V (r) describes the binding interaction (in the case

of atoms, this is the Coulomb interaction) which determines the energy

structure of the given quantum system. In complex combinations of atoms,

such as crystal lattices, whole fields of study exist to determine these energy

levels and bands. The energy level structure is the series of eigenstates, or

solutions of Ĥ0, |ψ0,n〉 with eigenenergy En. In our case, we are interested

in what happens to this quantum system in the presence of an external

field. This interaction Hamiltonian takes the form of a dipole interacting

with an external field,

ĤE = −d̂ ·F (t), (1.4)

ĤB = −µ̂ ·B(t), (1.5)

where d̂ and µ̂ are the electric and magnetic dipoles, and F (t) andB(t) are

the electric and magnetic fields. A complete derivation of these interaction

Hamiltonians can be found in [9].

From this interaction, given different types of driving fields, detunings,

and level configurations, we can derive various important phenomena in

quantum optics relevant to the experiments discussed in this thesis. While

certain aspects of quantum optics rely upon full quantization of the elec-
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tromagnetic field, for the purpose of this dissertation, it is not necessary,

so we will restrict ourselves to a semiclassical description of the radiation.

We begin by looking at the effect of a fixed electric field, with no time

dependence, F (t) = F , on transitions within an atom or defect. This

was first discovered by Johannes Stark in 1913 when he observed spectral

lines of various atoms and molecules shift in response to an external fixed

electric field [10]. These shifts are a direct result of the electric dipole

Hamiltonian. If we view the electric dipole interaction Hamiltonian ĤE as

a perturbation on Ĥ0, we find the first order shift of the eigenenergies E ′n,

for eigenstates |ψ0,n〉 is given by,

E ′n = 〈ψ0,n| − d̂ ·F |ψ0,n〉 = −F · 〈d̂〉n. (1.6)

Essentially, to first order, the energy of various levels shifts linearly within

the system as a function of field strength and the dipole associated with

the transition. Quadratic and higher order effects can similarly be derived

through higher order perturbation theory. In terms of the NV center, there

is an electric dipole associated with transitions between different orbital

levels, and these orbitals shift with the application of external electric

fields fields as well as internal strain, and an experiment describing these

effects is found in Ch. 2.

Similarly, any eigenstates associated with a magnetic dipole moment

can shift according to the Zeeman effect through the application of a mag-

netic field. In the NV center, this corresponds to the spin sublevels within

8



the various orbital levels, and the effect can be derived in a similar manner.

1.4 Two-level systems

α

β

α

β

ω0ω

∆

ψ

φ

θ

a b

Figure 1.2: Two-level system and Bloch sphere representation a) Two levels

|α〉 and |β〉 are separated by energy, ~ω0, and are excited by electromagnetic radiation

(laser or microwave source) at energy, ~ω, detuned by ~∆ = ~ω0−~ω. b) Bloch sphere

representation of a two level system spanned by |α〉 and |β〉. Any superposition of these

two states, |ψ〉, exists on the surface of the sphere and is defined by the polar angle,

θ, and azimuthal angle, φ. The superposition state |ψ〉 is fixed on the sphere when

observed in the rotating frame of the energy separation, ~ω0.

To further explore the dipole interaction, we examine a two-level system

(Fig. 1.2a), with the unperturbed Hamiltonian Ĥ0 in matrix notation:

Ĥ0 = Eα |α〉 〈α|+ Eβ |β〉 〈β| =

Eα 0

0 Eβ

 . (1.7)
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This Hamiltonian is spanned by its eigenstates:

|α〉 =

 1

0

 |β〉 =

 0

1

 , (1.8)

with energies Eα and Eβ, respectively. The energy difference between the

states can be related to an angular frequency, ω0, as Eβ−Eα ≡ ω0. We can

also define a state that is a superposition of these two eigenstates |α〉 and

|β〉. Such a state lies on the Bloch sphere, or the surface corresponding to

all possible superpositions. These superpositions take the form:

|ψ(t)〉 = cos(θ) |α〉+ sin(θ)e−iφ |β〉 =

 cos(θ)

sin(θ)e−iφ

 , (1.9)

where θ defines the polar, or altitudinal position of the superposition state

on the Bloch sphere, while φ defines the azimuthal position of that super-

position state (Fig. 1.2b).

1.4.1 Rabi oscillations

Now, by examining the effect of a time varying field on this two-level

system, we find a number of important interactions. In this case, we look

at an electric field of the form F (t) = F cos (t). The electric dipole operator

takes the form:

d̂ = d |α〉 〈β|+ d∗ |β〉 〈α| (1.10)

10



Thus our interaction Hamiltonian is,

Ĥi = d̂ ·F (t) = ~

 0 Ω cos(ωt)

Ω cos(ωt) 0

 , (1.11)

where d ·F = ~Ω. A similar derivation to what is described below can be

done to describe an AC magnetic field interacting with spin sublevels, and

the effect is essentially the same.

We define an arbitrary time-evolving superposition state that consists

of |α〉 and |β〉 with state amplitudes Cα and Cβ, which takes the form:

|ψ(t)〉 =

 Cα(t)e−iEαt/~

Cβ(t)e−iEβt/~

 = e−iEαt/~

 Cα(t)

Cβ(t)e−iω0t

 , (1.12)

which is rewritten to extract a global phase Eαt/~. This leaves a phase

relation between the |α〉 and |β〉 components equivalent to ω0t. This can be

thought of as a point oscillating at frequency ω0 on a fixed Bloch sphere, or

a fixed point on a Bloch sphere that is rotating about its energy eigenstate

axis at frequency ω0. The point precessing at ω0 is observed in the “lab

frame,” while if we jump onto the rotating Bloch sphere, we now observe

a fixed point in the “rotating frame” of the two-level system. We now

look at this state in the context of the interaction Hamiltonian within the

Schrödinger equation,

i~∂ |ψ(t)〉
∂t

=
(
Ĥ0 + Ĥi

)
|ψ(t)〉

= ~e−iEαt/~

 ωα Ω cos(ωt)

Ω cos(ωt) ωβ


 Cα(t)

Cβ(t)e−iω0t

 . (1.13)

11



Solving this, we find a series of coupled equations describing the state

amplitudes:

∂Cα
∂t

= −iΩ cos(ωt)e−iω0tCβ, (1.14)

∂Cβ
∂t

= −iΩ cos(ωt)eiω0tCα. (1.15)

We expand the cos(ωt) in exponentials,

∂Cα
∂t

= −iΩ
2

(
e−i(ω0−ω)t + e−i(ω0+ω)t

)
Cβ, (1.16)

∂Cβ
∂t

= −iΩ
2

(
ei(ω0+ω)t + ei(ω0−ω)t

)
Cα. (1.17)

In these equations, for ω ∼ ω0, we now see a co-rotating term, oscillating

at ω0 − ω ≡ ∆, defined as the one-photon detuning. It also includes a

counter-rotating term, oscillating at ω0 + ω. As long as ω � Ω, we can

eliminate this counter-rotating term in what is known as the rotating wave

approximation, leading to:

∂Cα
∂t

= −iΩ
2
e−i∆tCβ, (1.18)

∂Cβ
∂t

= −iΩ
2
ei∆tCα. (1.19)

We have now entered the rotating frame of the driving field, ω, and the

state now precesses at the one-photon detuning, ∆, relative to our rotating

frame. Now eliminating Cα, we arrive at

∂2Cβ
∂t2

− i∆∂Cβ
∂t

+
Ω2

4~2
Cβ = 0. (1.20)

The general solution to this is given by:

Cβ(t) = A+e
iχ+t + A−e

iχ−t, (1.21)

12



where

χ± =
1

2
(∆± ΩR), (1.22)

and

ΩR =
√

∆2 + Ω2. (1.23)

We define ΩR as the Rabi frequency, where at ∆ = 0, ΩR = Ω. Now

assuming that we begin with the level |α〉 occupied and |β〉 empty i.e.

Cα(0) = 1 and Cβ(0) = 0, this sets conditions on the amplitudes A+ and

A−, which lead to the following solutions:

Cβ(t) =
iΩ

ΩR

e
−i∆t

2 sin

(
ΩRt

2

)
, (1.24)

Cα(t) = e
−i∆t

2

[
cos

(
ΩRt

2

)
+
i∆

ΩR

sin

(
ΩRt

2

)]
. (1.25)

The probability the state will occupy |β〉 as a function of time is given by:

Pβ(t) = |Cβ(t)|2 =
Ω2

Ω2
R

sin2

(
ΩRt

2

)
=

Ω2

Ω2
R

[
1

2
− 1

2
cos(ΩRt)

]
. (1.26)

Likewise,

Pα(t) = |Cα(t)|2 = 1− Ω2

Ω2
R

[
1

2
− 1

2
cos(ΩRt)

]
. (1.27)

These probabilities can be observed if we monitor the state occupation

as a function of time, and their salient features are seen in Fig. 1.3. For

∆ = 0, full complete oscillations are seen between |α〉 and |β〉 at a frequency

ΩR = Ω. In the Bloch sphere picture, these oscillations appear as a rotation

about an equatorial axis on the rotating frame Bloch sphere. As we detune
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Figure 1.3: Rabi oscillations Probability of the state, beginning in |α〉, being in |β〉

as a function of time, t, for various detunings, ∆.

the driving frequency ω from resonance at ω0, the Rabi oscillations increase

in frequency, but do not fully populate the opposite state, |β〉.

This type of interaction is necessary in many of the experiments dis-

cussed in this thesis. In particular, we use microwaves to drive oscillations

between spin sublevels of the NV center ground state. Likewise, resonant

light can be used to drive oscillations between the ground and excited state

orbitals of the NV center. Ideally, these pulses are on resonance allowing

for full population inversion. A π pulse is defined as a pulse that fully

inverts the population of the initial state, while a π/2 pulse is defined as a

pulse that rotates the spin halfway, typically from a pole to the equator, or

from the equator to a pole. These π/2 pulses are typically used to project

from one basis to another.
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1.4.2 The rotating frame

An alternative approach to entering the rotating frame is accomplished by

applying a transformation to the wavefunction, U † |ψ〉, where

U =

1 0

0 e−iωt

 , (1.28)

which then leads to a transformation of the Hamiltonian:

i~∂U † |ψ(t)〉
∂t

= U †
i~∂ |ψ(t)〉

∂t
+ i~

∂U †

∂t
|ψ(t)〉 , (1.29)

i~∂U † |ψ(t)〉
∂t

= U †HUU † |ψ(t)〉 − ~ωU † |ψ(t)〉 , (1.30)

H̃ = U †HU − ~ω |β〉 〈β| . (1.31)

In the case of the two-level system described above, we arrive at a trans-

formed rotating frame Hamiltonian:

H̃ = ~

 ωα
Ω
2
(1 + e−2iωt)

Ω
2
(1 + e2iωt) ωβ − ω

 . (1.32)

Eliminating the counter-rotating terms (rotating at 2ω) per the rotating

wave approximation, and additionally subtracting a constant ωα yields the

rotating frame Hamiltonian:

H̃ ′ = H̃ − ~ωαI = ~

0 Ω
2

Ω
2

∆

 , (1.33)

where ∆ = ω0 − ω. For the rest of this chapter, we will investigate inter-

actions in the context of their rotating frame Hamiltonians.
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1.4.3 The AC Stark effect

One such effect that can be understood within a rotating frame two-level

system, is known as the AC Stark effect, or Autler-Townes effect. In this

instance, we once again begin with our levels |α〉 and |β〉. However, in

this case we are looking at instances where a significant one-photon de-

tuning, ∆, exists between the driving field and the energy transition, such

that there is little absorption. We begin with the two-level system in the

rotating frame of the driving fields, equation 1.33.

The eigenstates of this driven Hamiltonian differ from the undriven

Hamiltonian, and are known as dressed states. These dressed states are

mixtures of the bare electronic energy levels, |α〉 and |β〉, and the electro-

magnetic field driving the system. In this rotating frame, our bare states

|α〉 and |β〉 have an energy separation of the one-photon detuning, ~∆.

Here, when we diagonalize the matrix, we find that the eigenenergies of

the dressed states are given by:

E± =
~∆

2
± ~
√

∆2 + Ω2

2
(1.34)

In Fig. 1.4, we see the bare levels split further into the dressed states,

now separated by ~
√

∆2 + Ω2. One way to observe this additional energy

shift, or AC Stark shift, is when referenced to a third undriven, unshifted

level. If we now look at the rotating frame defined by the reference level

and one of our bare states, we see the AC Stark shift manifests as addi-
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α

β

Ω

∆

β

α

“bare” states “dressed” states

∆ -  ∆2+ Ω2


2
δE =

∆2+ Ω2


∆

Rotating Frame

Figure 1.4: AC Stark effect Two-level system (|α〉 and |β〉) driven at Ω with

detuning, ∆, transformed into the rotating frame. In the rotating frame, the bare

states (left), |α〉 and |β〉, are separated by ∆. However, the eigenstates of this driven

Hamiltonian, are the dressed states (right), which are separated by
√

∆2 + Ω2, resulting

in an energy shift from the bare to dressed states of ±
(

∆−
√

∆2+Ω2

2

)
.

tional precession of a quantum state in the predefined frame. These AC

Stark shifts play important roles in realizing all-optical control of individ-

ual defects, and will be explored further in Ch. 3 and Ch. 4. In addition,

while the AC Stark effect describes the role that the light plays upon the

a quantum mechanical system (such as the spin of a defect), the system

itself also affects the light through the Faraday effect. A derivation of both

of these effects and their relation can be found in B. B. Buckley’s thesis

[11].
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1.5 Three-level systems (Λ systems)

β

ΩαΩβe
-iφ

∆
ε

α

δ

a b

c
α

β

φ

θ
D

Figure 1.5: Λ system and the dark state a) Three-level system consisting of

|α〉, |β〉, and |ε〉 in a Λ (lambda) configuration. The two lower levels, |α〉 and |β〉,

are coupled to the excited state, |ε〉, by two driving fields, Ωα and Ωβe
−iφ. The one-

photon detuning, ∆, and the two-photon detuning, δ, are indicated on the diagram.

b) The zero-energy eigenstate of a Λ driven on resonance is the dark state, |D〉 =

cos (θ/2) |α〉− sin (θ/2)e−iφ |β〉, where φ is the relative phase between the driving fields,

and θ = 2 tan−1 (Ωα/Ωβ). This dark state is a superposition of the two lower levels and

does not couple to the excited state. Its position on the Bloch sphere is fully defined by

the relative pump intensities and phase relation. c) A classical analogue of a Λ system

is given by three coupled pendula. The “dark” mode of this system is when the two

outer pendula oscillate, while the center pendulum is unmoved. The spring constants

of the coupling springs are analogous to the driving strengths, Ωα and Ωβe
−iφ.

If we expand our discussion of light-matter interactions by adding a

third level, we can realize an energy configuration known as a Λ (lambda)

system, with its energy levels forming a shape similar to the Greek letter
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whose name it bears. Consisting of two lower levels, |α〉 and |β〉, coupled

to one upper level, |ε〉 (Fig. 1.5a), Λ systems have been used to realize

myriad advances in quantum science including electromagnetically induced

transparency, slow light, atomic clocks, laser cooling, and spin-photon en-

tanglement. If we drive the Λ system along both transitions with optical

pumps, Ωα and Ωβe
−iφ, we find a general Hamiltonian in the rotating frame

that takes the form:

H̃ ′ = ~


0 0 Ω∗α

2

0 δ
Ω∗β
2
eiφ

Ωα
2

Ωβ
2
e−iφ ∆

 , (1.35)

in the basis {|α〉 , |β〉 , |ε〉}, where ∆ is the one-photon detuning, δ is the

two-photon detuning, and φ is the relative phase between the driving fields.

1.5.1 What is a dark state?

If examine a Λ system that is driven exactly on resonance (i.e. δ = 0,∆ =

0), we find a solution that has an eigenenergy of zero. This eigenstate is

known as the dark state as it does not couple to the light fields driving

the system due to destructive interference. When the system is in the

dark state it no longer absorbs photons, and it does not contain any of the

excited state in its form:

|D〉 =
Ωβ√

Ω2
α + Ω2

β

e−iφ |α〉 − Ωα√
Ω2
α + Ω2

β

|β〉 . (1.36)
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This can be rewritten with θ ≡ 2 tan−1 (Ωα/Ωβ), and an overall phase

resulting in:

|D〉 = cos

(
θ

2

)
|α〉 − sin

(
θ

2

)
eiφ |β〉 . (1.37)

This form reveals that the relative phase of the pumps defines where

the dark state superposition lies azimuthally on the rotating frame Bloch

sphere, while the relative amplitude between the pumps defines its alti-

tudinal location (Fig. 1.5b). A classical analogue to this dark eigenstate

is three pendula coupled by a springs, as seen in Fig. 1.5c. The “dark”

solution to the coupled pendula problem is the mode in which the two

outer pendula oscillate back and forth, while the center pendulum remains

motionless. The oscillation of the outer pendula depends on the spring

constants of the coupling springs, much like the form of the superposition

depends on the relative strength and phase of the driving fields.

The dark state was first observed spectroscopically as a dip in the ab-

sorption of light through coherent population trapping (CPT) in atomic

gasses in 1978 [12]. The dark state has been explored as a way to affect

light transmission, as in electromagnetically induced transparency (EIT)

where a material becomes transparent to a typically absorptive wavelength

[13]. Such interactions can also cause a decrease in the group velocity of

light, a phenomenon known as slow light. In addition, the dark state is

used in protocols for highly efficient population transfer of quantum states,

such as stimulated Raman adiabatic passage (STIRAP) [14].
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For this thesis, several of the experiments focus on the ability to control

precisely where the dark state is on the Bloch sphere through the relative

amplitude and phase of the optical pumps. This allows us to develop all-

optical control protocols based on coherent population trapping, CPT, and

the AC Stark effect in a Λ system in Ch. 3. This is further developed using

phase-controlled STIRAP to enclose a geometric phase, or Berry phase, in

Ch. 4.

1.5.2 Coherent population trapping (CPT)
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Figure 1.6: Coherent population trapping (CPT) dip An example spectroscopic

CPT dip as seen on the |A2〉 level of the NV center in diamond. The two-photon

detuning, δ, is swept through the two-photon resonance, i.e. the energy separation of

|−1g〉 and |+1g〉, the two lower levels of the Λ system.

First discovered in 1978, CPT is a dissipative interaction that is com-

monly seen through spectroscopic measurements. The absorption or pho-

toluminescence (PL) of a medium is observed in the presence of two optical

pumps. The separation in frequency between these pumps is swept result-
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ing in a dip in the measured absorption or PL at the two-photon resonance,

in Fig. 1.6. As a spectroscopic measurement, this has been observed in

a number of systems including a wide variety of atomic systems [12, 13],

NV centers in diamond [15, 16, 17], quantum dots [18], superconducting

qubits [19], and optomechanical resonantors [20]. In Ch. 3, we explore this

phenomenon in an individual NV center in diamond using time-resolved

tomography techniques.

1.5.3 Stimulated Raman transitions (SRT)

When the optical driving fields in a Λ system are sufficiently detuned, an

AC Stark effect is present, and this effect is also referred to as stimulated

Raman transitions (SRT). One way to think about this is to reimagine the

ground state levels of our Λ system. Rather than the standard levels, |α〉

and |β〉, we can redefine the lower level basis to include the dark state, |D〉

and an orthogonal superposition, or “bright” state |B〉1. Both |D〉 and

|B〉 span the ground state subspace, and exist at two orthogonal points on

the |α〉 / |β〉 rotating frame Bloch sphere (Fig. 1.7). The two pumps now

appear as a single pump on |B〉 → |ε〉. As described in §1.4.3, we now see

the dressed versions of |B〉 and |ε〉 split in energy by ~
√

∆2 + Ω2.

1Note that this bright state is technically not a bright eigenstate of the system. Those

typically refer to the other two solutions of the Hamiltonian that yield superpositions

that include all three levels; however, this bright state is the superposition of the two

bright eigenstates that eliminates the excited state.
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Figure 1.7: Dark / bright basis a) Λ system recast in basis of the ground-state

orthogonal superpositions, the dark state, |D〉, and bright state, |B〉. The two driving

fields are also recast as a single optical pump on the |B〉 → |ε〉 transition. b) An

example |D〉 and |B〉 basis in relation to the original |α〉 and |β〉 basis rotating frame

Bloch sphere.

This splitting also shifts |B〉 relative to |D〉 and manifests as precession

about the energy imbalance for any superposition of |B〉 and |D〉. Because

|D〉, and as a result |B〉, are selectable superpositions based on the optical

driving fields, we can define any axis of rotation within the |α〉 / |β〉 Bloch

sphere. Such single qubit rotations were first seen in trapped ion systems

[21]. In Ch. 3, we describe how we apply these rotations to NV centers in

diamond.

1.5.4 Stimulated Raman adiabatic passage

(STIRAP)

Another technique used in Λ systems, known as stimulated Raman adi-

abatic passage, or STIRAP, is for highly efficient population transfer be-

23



tween levels. The idea behind STIRAP is that by shifting how the system

is driven over time, the dark state defined by the system also changes. If

the shift in the pumps is slow enough relative to the energetics of the sys-

tem, or adiabatic, the dark state will move along the Bloch sphere without

excitation through the potentially lossy excited state |ε〉. Adiabaticity is

defined by the rate of change of the Hamiltonian relative to the energy

scales involved. If evolution of the Hamiltonian is defined by some fre-

quency, ωA, then ~ωA � Eg, where Eg is the characteristic energy spacing

of eigenstates defined by the Hamiltonian. Such techniques are commonly

used in atomic physics to transfer population within a subspace without

loss out of that subspace [14], and have recently been demonstrated in the

solid state [22, 23]. In Ch. 4, we explore STIRAP within the NV center

for another purpose, the enclosure of a quantum geometric phase known

as Berry phase.

1.6 Light-matter interactions within the

NV Center

With this review of light-matter interactions that can be used to control

individual quantum systems, we now focus on our particular quantum sys-

tem that shows promise as a qubit and nanoscale sensor. The negatively

charged nitrogen-vacancy (NV) center consists of a substitutional nitrogen

adjacent to a vacancy within the carbon lattice of diamond (Fig. 1.1).
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An ensemble of these defects was first seen spectroscopically as an emis-

sion band consisting of a zero-phonon line at 637 nm and a red-shifted

phonon sideband that extends out to 800 nm [24]. In 1997, individual

nitrogen-vacancy centers were first isolated, and optically detected mag-

netic resonance of its spin triplet ground state was observed [25]. Since

then, research on this defect has been quite a fruitful endeavor [26]. The

level structure of the NV center plays a key role in motivating its use as a

spin qubit and nanoscale sensor.

1.6.1 The NV center level structure

At the defect site, the three carbon dangling bonds around the vacancy

provide an electron each, while the nitrogen dangling bond provides two

electrons. If an extra electron is trapped within the site, these six electrons

form the negatively charged NV center. The level structure of the NV

center (Fig. 1.8) is understood through its symmetry point group, C3v

[27, 28], and consists of a ground state spin triplet, 3A2 and an excited

state orbital doublet, spin triplet, 3E. These levels are separated by a

1.945 eV (637 nm), the zero-phonon line, within the 5.5 eV bandgap of

diamond. In addition, the NV center contains long-lived spin singlet levels

A1 and E1 separated by 1.190 eV (1042 nm) which are accessed via an

intersystem crossing.

The NV center has distinct phonon-assisted emission and absorption
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Figure 1.8: NV center level structure A schematic of the NV− level structure,

consisting of a ground state spin triplet, 3A2 (purple), coupled to an excited state spin-

triplet, orbital-doublet, 3E (teal). These levels are separated by 1.945 eV (637 nm). Two

spin singlet levels, 1A1 and 1E (grey), are accessed via an intersystem crossing, and are

separated from each other by 1.190 eV (1042 nm). At zero-field (electric and magnetic),

the excited state, 3E (teal), consists of six spin-orbit levels A2, A1, degenerate levels

EX and EY , and degenerate levels E1 and E2 (left). The separation of these levels

is determined by spin-spin and spin-orbit interactions. Inherent crystal strain and/or

applied electric fields will split these levels into distinct orbital branches, EX and EY

(middle). An applied magnetic field will further split and resolve the spin sublevels

of each orbital branch (right). The cartoon, while not exact, shows an approximately

10 GHz strain splitting, and magnetic field tuning out to 600 G. (In this graphic, the

scale of the excited state manifold is such that 1 mm corresponds to 1 GHz of energy

separation).

bands. The absorption band lies at the zero-phonon line (637 nm) and

higher energies (extending out to 450 nm), while the emission band lies at

the zero-phonon line and lower energies (extending out to 850 nm) (Fig.
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1.9). This emission is largely within the phonon-shifted sideband with only

3% of the emission occurring in the zero-phonon line. Typically, the NV

center is excited with 532 nm laser light (which lies within the NV center

absorption band) in a confocal microscopy setup, and the NV center red-

shifted emission, or photoluminescence (PL), is then collected by a silicon

avalanche photodiode (see Appendix A).
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Figure 1.9: NV center emission spectrum The emission band of an ensemble of

NV centers taken at both room temperature (300 K) and cryogenic temperature (8 K).

The distinct zero-phonon line (ZPL) is seen at 637 nm, and the phonon-assisted sideband

extends out to 850 nm. A reduction in the phonon-sideband is seen at T = 8 K. Like the

shown emission band, a similarly shaped absorption spectrum can be found at 637 nm

with a phonon-assisted absorption band at higher energies (400− 600 nm). Spectrum

courtesy of B. B. Buckley and F. J. Heremans.

This level structure permits spin-dependent optical readout and initial-

ization, as different spin sublevels of the NV center excited states (3E)

couple with different strengths to the singlet level A1 via the intersystem

crossing. In general, the excited state mS = ±1 sublevels couple more
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strongly and can decay to the ground state through this “non-radiative”

path (i.e. it emits radiation further into the infrared, beyond our collection

range). In this manner, if we excite the NV center and cycle it between the

ground and excited states, a spin beginning in mS = 0 will emit more light

into the phonon sideband than a spin beginning in either mS = ±1 as those

states will eventually pass through the intersystem crossing “shelving” in

the long-lived singlets and not emitting photons in the collected phonon

sideband, leading to a spin-dependent optical readout with contrasts as

high as 40%.

This structure also enables initialization, as states that preferentially

decay into the singlet states decay out of the singlets without preference.

After several optical cycles, the spin is thus polarized into mS = 0 with

∼ 80% fidelity. As such, this structure for readout and initialization of

spin states provides an excellent platform to enable many of the advances

demonstrated with NV centers. In addition, this particular structure pro-

vides a framework for investigating other potential defects of interest [29],

and recently, the divacancy in SiC has been identified as a similar defect

in a more technologically mature material [30, 31, 32].

At zero magnetic field, the ground state spin sublevels of the NV center

are split by a crystal field splitting, D ≈ 2.87 GHz. These spin sublevels

can be further split by a magnetic field through Zeeman tuning. They also

couple to nearby nuclear spins, such as the one intrinsic to the nitrogen
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as well as nearby carbon-13 atoms). This ground state is described by the

Hamiltonian:

H = DS2
Z + gµBBSZ + AS · I (1.38)

where S is the electronic spin operator, SZ is its z-component, µB = 9.27×

10−24J/T is the Bohr magneton, g = 2 is the electron g factor, A is the

hyperfine constant, and I is the nuclear spin operator. The spin of the

ground state is typically read out and initialized through the intersystem

crossing mechanism described above, while manipulation of this spin state

is accomplished through Rabi oscillations using microwave fields tuned to

the transitions between spin sublevels (ωmw = (D±gµBB)/~) of ∆mS = 1.

The excited state level structure is more complex consisting of six spin-

orbit levels at zero magnetic and electric field. These orbital components

can be tuned through DC Stark effect either through intrinsic strain within

the crystal or an external electric field. Likewise, its spin components can

be tuned through the Zeeman effect with an external magnetic field. At

high magnetic and electric fields, these levels split into an orbital doublet,

3EY and 3EX , with each orbital containing a spin triplet. A more detailed

treatment of the excited state can be found in [26, 27, 28, 33, 34], but rele-

vant points will be discussed here. The spin-orbit levels are labelled by their

symmetry {|E2〉 , |E1〉 , |EY 〉 , |EX〉 , |A1〉 , |A2〉}, and when sufficiently split

by electric and magnetic fields they evolve into the two orbitals with their

spin sublevels, {|EY ,−1〉 , |EY , 0〉 , |EY ,+1〉 , |EX , 0〉 , |EX ,−1〉 , |EX ,+1〉}
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roughly ordered energetically (specific details of the magnetic and electric

field determine the final energetic ordering).

At sufficiently high strain, transitions to the excited state correspond

to different dipole moments, resulting in polarization selectivity between

the two orbitals. This detailed structure of the excited state is only op-

tically resolvable at cryogenic temperatures (T < 20 K) [33], above which

Jahn-Teller distortions cause significant broadening of these levels [35].

The room temperature operation of the NV center is enabled by a phe-

nomenon known as motional broadening, leading to an orbital singlet-like

excited state with a spin triplet [36]. However, all experiments described in

this thesis are done at cryogenic temperatures to exploit the excited state

optical transitions.

To resolve these levels at cryogenic temperatures, we use a tunable

637 nm laser to scan across the various transitions between the ground

and excited states, measuring the emitted PL. Peaks appear when the

laser is on resonance with such a transition, in a measurement known

as photoluminescence excitation (PLE) (Fig. 1.10). Broadening of these

peaks can be due to laser power broadening but also to spectral diffusion.

Charge instabilities around the NV center can reset during certain types

of photoexcitation, causing a slightly different electric field to be seen by

the NV center resulting in shifts of the transition energies. Over a series of

measurements with repeated re-initializations by a 532 nm laser, this leads
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to a spectrally-broadened peak [35].
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Figure 1.10: Photoluminescence excitation (PLE) measurement An example

photoluminescence excitation (PLE) measurement for a single NV center in electronic

grade diamond. This NV center had a strain splitting of 7.2 GHz and an applied mag-

netic field of 117 G along the NV center axis. Transitions between the ground and

excited states are resolved by tuning the frequency of the driving laser. Transitions

between the mS = 0 ground state and the excited states are shown in red, while transi-

tions between the mS = −1 ground state and the excited states are shown in teal. The

levels, EY , EX , A1, and A2 are easily resolvable.

1.6.2 The NV center as a solid-state quantum

optical testbed

Due to the rich structure of the NV center excited state and its optical

addressability, the NV center has become an excellent testbed for a num-

ber of quantum optical protocols aimed at the development of photonic

networks and quantum repeaters for quantum information processing [37].

Rather than relying on the off-resonant excitation provided by 532 nm and

the intersystem crossing to initialize and readout the spin, specific spin-

dependent transitions can instead be resonantly excited. Significant im-
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provements in readout fidelity can be realized through resonant excitation

along spin-dependent transitions coupled with a solid immersion lens to

enhance the collection efficiency of the emitted PL, leading to single-shot

readout [38]. Likewise, by optically pumping the spin from one spinstate

to another, it is possible to initialize the spin state of the NV center with

99.7% fidelity [38]. In addition, resonant excitation allows for the obser-

vation of optical Rabi oscillations between the ground and excited spin

states, providing a way to fully populate the excited state of the NV center

[39].

In addition, the NV center was used in one of the first demonstrations

of spin-photon entanglement in the solid state, as the |A2〉 excited state

couples to two ground spin states through different circular polarizations

of light, such that the polarization of the emitted photon is entangled with

the spin state [40]. Likewise, a photon absorbed by the NV center through

excitation to this |A2〉 excited state may also becomes entangled with the

spin state [41]. The coherences between the spin and photons can be

probed through the Faraday effect, a non-destructive measurement of the

spin state based on light polarizations [42]. By expanding similar protocols

to include two NV centers, interference between an emitted zero-phonon

line photon from each has been demonstrated [43, 44]. However, every

NV center has slightly different orbital transition energies due to the local

electrostatic environment. The DC Stark effect is a method that allows
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us to tune transitions from separate NV centers to degeneracy needed for

two-photon intereference and is explored in Ch. 2 of this thesis [45].

Many of these developments laid the foundation for the demonstration

of photonic entanglement of two NV centers separated by 3 meters [46].

Combined with efforts in developing nuclear spin registries, this was further

expanded to photonically teleport the nuclear spin state of one NV center

onto the electronic spin state of another NV center [47]. Tests of quantum

mechanics have also been demonstrated with NV centers using these tech-

niques, including the three-quantum box problem [48], as a loophole-free

test of Bell’s inequality [49].

Additionally, the development of photonic crystals and cavities in dia-

mond to couple to individual NV centers is an important research focus.

Such developments aim to improve the optical interface to the NV center,

as only 3% of the emission is in the zero-phonon line due to strong phonon

coupling. While diamond is a challenging material to fabricate, numer-

ous structures have been implemented recently [50], including microring

resonators [51], photonic crystals [52], nanowires [53], and nanobeams [54].

Another route to investigate the NV center quantum optical interface

is to develop methods to actively and fully control the spin with light, a

research path of particular focus for our group. Such control occurs within a

smaller footprint than previous microwave techniques, down to the spot size

of a diffraction-limited laser, enabling integration into photonic networks
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or spin arrays. Additionally, these types of techniques should be adaptable

to a variety of different solid-state systems. In the NV center, the AC Stark

effect provides a way of rotating the NV center ground-state spin about

the energy eigenbasis axis (a Z-axis rotation on the Bloch sphere) [42].

In this thesis, I will describe several experiments looking further into fully

controlling the spin state of the NV center with light. Harnessing Λ systems

in the NV center provide a way to develop complete control over the spin

using just light. In Ch.3, we demonstrate a method to initialize, rotate, and

readout the NV center spin within any arbitrarily chosen dark state basis

[55]. In Ch. 4, we extend this technique to adiabatically evolve the dark

state enclosing loops in the Bloch sphere parameter space, accumulating a

quantum phase that is dependent only on the geometry of the path, not

the energetics of the interaction [56]. In Ch. 5, we develop an alternative

procedure to optically control the spin by harnessing evolution within the

excited state [34].

These advances push toward the development of a photonic network

of defects linked and controlled by light for the purposes of quantum in-

formation processing. They also act as a series of protocols that can be

implemented in a variety of solid-state qubits, including other color centers,

transition metal or rare-earth ions, as well as quantum dots.
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1.6.3 The organization of this thesis

The following chapters describe our efforts in using the NV center as a

quantum optical testbed to develop techniques to facilitate the develop-

ment of solid-state photonic networks. Ch. 2 describes our efforts to tune

NV center optical transitions to degeneracy aided by a photoinduced recti-

fied electric field. Chapters 3-5 describe approaches to all-optically control

the NV center spin state. Chapters 3 and 4 in particular focus on Λ system

interactions that control the spin dissipatively (CPT), dispersively (SRT),

and geometrically (STIRAP). Chapter 5 provides an alternative approach

that relies on probing the excited state spin dynamics. The thesis then

follows with a conclusion and outlook in Chapter 6, and a series of appen-

dices describing the confocal microscopy setups used to study NV centers

(Appendix A), as well as supplemental and supporting data for the experi-

ments presented in Chapter 3 (Appendix B), and Chapter 4 (Appendix C)

and a brief discussion on a few unanswered questions encountered during

some of these experiments (Appendix D).
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Chapter 2

Photo-enhanced electrical

tuning of NV center orbital

transitions

The following chapter is adapted from previously published work [45], and

was a joint effort between our two cryogenic confocal experimental setups,

which I worked on with Lee Bassett, F. Joseph Heremans, and Bob Buckley.

Further details from this experiment can be found in F. J. Heremans’ thesis

[57], and the supplementary material for Ref. [45] available online.

2.1 Introduction

As solid-state ‘trapped atoms,’ NV centers are sensitive to their local envi-

ronment. While this sensitivity has enabled nanoscale magnetic [58, 59, 60]

and electric [61] metrology, it also exposes individual NV centers to sam-

ple inhomogeneities, leading to a distribution of zero-phonon line (ZPL)
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frequencies within a diamond [33]. The ability to tune these frequencies is

crucial for photonic applications, for instance to utilize the selection rules

at the C3v symmetry point for spin-photon entanglement [40] or to coher-

ently couple distant NV centers to indistinguishable photons. Through the

DC Stark effect, applied electric fields perturb both the ground-state spin

[61, 62] and excited-state orbitals [63, 64], providing the means to control

the optical transitions.

2.2 Tuning orbitals with the DC Stark

effect

2.2.1 Experimental setup

Here we use micron-scale devices to manipulate electric fields in three di-

mensions, to compensate the intrinsic local strain and electrostatic fields

of individual NV centers and achieve full control of the orbital Hamilto-

nian. Furthermore, by analyzing the Stark shifts as a function of applied

voltages, we infer a surprising amplification and rectification of the local

electric field, consistent with electrostatic contributions from photoionized

charge traps within the diamond. By harnessing this reproducible effect,

we can tune the NV-center Hamiltonian to arbitrary points across a range

comparable to the inhomogeneous ZPL distribution.

The electronic structure of the negatively-charged NV center is deter-
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mined by symmetry, through its point group C3v [33, 27, 28]. The spin-

triplet ground (GS, symmetry 3A2) and excited states (ES, symmetry 3E),

are connected by ZPL transitions around 637.2 nm (1.946 eV). Our exper-

iments are performed at zero magnetic field, where the spin-triplet basis

states are {|Sx〉 , |Sy〉 , |Sz〉}. A 532 nm (2.3 eV) ‘repump’ beam pulsed at

≈300 kHz in a confocal geometry maintains a spin-polarized population

in |Sz〉. Between repump cycles, we count photoluminescence excitation

(PLE) photons emitted by the NV center into the red-shifted phonon side-

band (see Fig. 2.1a) after absorption from a narrow-line red laser tunable

across the ZPL transitions. As we scan the red laser frequency, we typ-

ically measure two peaks in the PLE spectrum as shown in Fig. 2.1b;

these correspond to spin-conserving transitions from the GS orbital singlet

|A2, Sz〉 to the two ES orbital eigenstates {|E1, Sz〉 , |E2, Sz〉}. In a crystal

environment with perfect C3v symmetry and zero electric and magnetic

fields these ES orbital states would be degenerate, but the symmetry is

generally broken by local crystal strain and by nonuniform electrostatic

charge distributions that generate local electric fields.

2.2.2 The DC Stark perturbation on the NV center

orbitals

The DC Stark perturbation to the Hamiltonian, ĤStark = −µ̂ ·F, describes

the interaction between the local electric field F and the electric dipole op-
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Figure 2.1: Implementing electric field control a) Simplified energy-level diagram

(not to scale) showing only the |Sz〉 levels of the NV-center ground and excited states,

with resonant excitation (red arrows) and red-shifted emission (gray arrow) marked. b)

PLE spectrum (points) with no applied bias, marked by dashed line in Fig. 2.2, with a

two-Lorentzian fit (solid curve). c) Micrograph and photoluminescence image (center)

of device A, with electrical connections marked.

erator µ̂. For fixed stress, the strain perturbation can be cast into the

same form by isolating components which transform as the irreducible rep-

resentations of C3v [27, 28]. The combined perturbation has the form

VA1ÔA1 +VExÔEx +VEyÔEy , where ÔΓa is an orbital operator transforming

as the basis state |Γa〉 and
VA1 = SA1 − µ‖Fz

VEx = SEx − µ⊥Fx

VEy = SEy − µ⊥Fy

(2.1)

are the symmetrized field strengths, in terms of fixed strain components

SΓa , projections of the local electric field Fi, and the reduced matrix el-

ements of the electric dipole operator
{
µ‖, µ⊥

}
. We choose orbital basis
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states {|Ex〉 , |Ey〉} for the ES which transform like vectors {x, y} in the

NV-center coordinate system 1, and we ignore the small (≈100 MHz) spin-

spin coupling between ES spin states |Sz〉 and {|Sx〉 , |Sy〉} 2. By defining

Ĥ |A2, Sz〉 ≡ 0, the Hamiltonian in the {|Ex, Sz〉 , |Ey, Sz〉} basis can be

written as

H = (~ω0 + ∆µ‖Fz)I +
1√
2

 VEx −VEy

−VEy −VEx

 , (2.2)

where ~ω0 is the natural transition energy including fixed perturbations of

A1 symmetry, and ∆µ‖ =
(
µGS
‖ − µES

‖
)
, defined such that both ∆µ‖ and

µ⊥ are positive. The transition energy eigenvalues take the form E± =

hν̄ ± 1
2
hδ, where

hν̄ = ~ω0 + ∆µ‖Fz, (2.3a)

hδ =
√

2
(
V 2

Ex + V 2
Ey

)1/2

(2.3b)

are the longitudinal and transverse components due to fields of A1 and

E symmetry, respectively. From Eq. 2.1, it is clear that a local electric

field can cancel the transverse components of intrinsic strain to restore C3v

symmetry to the system, and from Eq. 2.3a we see that an electric field

1The NV-center coordinate system is chosen such that ẑ points along the N-V sym-

metry axis and x̂ lies in a reflection plane.
2Note that while spin-spin coupling leads to mixed ES spin eigenstates in some

regimes, it does not significantly affect the optical pumping mechanism which polarizes

the spin into |Sz〉 in our experiments.
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Fz applied along the NV-center symmetry axis shifts the energy of both

transitions by the same amount.

2.2.3 Lateral electric fields

We first investigate these effects using device A, shown in Fig. 2.1c, consist-

ing of four Ti/Pt/Au gates fabricated on the diamond surface. The sample

is a 0.5 mm-thick single-crystal diamond grown by chemical vapor depo-

sition with <5 ppb nitrogen content (ElementSix), irradiated with 2 MeV

electrons (1.2× 1014 cm−2) and then annealed at 800 ◦C to create NV cen-

ters. Measurements are performed in a continuous-flow cryostat operating

at ≈20 K. Symmetric biases VX and VY applied as shown in Fig. 2.1c

produce ‘lateral’ electric fields FX and FY in the [110] and [1̄10] crystal di-

rections, respectively, while a common DC bias generates fields in the [001]

out-of-plane (Z) direction. The sample (X, Y, Z) and NV-center (x, y, z)

coordinate systems are uniquely related for a given NV-center projection

from the 〈111〉 family [Supplemental of Ref. [45]].

Figure 2.2 contains a series of PLE spectra showing the optical reso-

nances of the NV center marked in Fig. 2.1c, as a function of separate

biases VX and VY with VDC = 0 V. The lateral biases are applied as

symmetrically-pulsed square waves at 1 kHz, with PLE photons binned ac-

cording to polarity. While the response to static lateral bias is qualitatively

similar, this technique separates slow photoinduced charging effects from
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Figure 2.2: DC Stark shifts of orbital transitions PLE spectra of the 6 µm-

deep NV center marked by an arrow in Fig. 2.1c as a function of lateral bias applied

symmetrically to the X (left panel) or Y (right panel) gate pairs, with VDC = 0 V. In

all PLE spectra, the origin of the relative frequency axis is arbitrary.

the dielectric response as discussed later in this chapter. Two features are

evident in the data: first, we observe an unexpected ‘kink’ at zero bias,

and second, the resonances cross at VX ≈ 7 V, demonstrating that we can

indeed restore C3v symmetry to the system. We explore both of these

features with additional experiments.

2.3 The photo-induced electric field

2.3.1 Photoionization of charge traps

The kink at zero bias reflects an asymmetry in the local electric field vector

as a function of polarity, i.e., F(+V ) 6= −F(−V ). We argue that this asym-

metry results from the photoionization of charge traps in the diamond host.

Even in high-quality single-crystal synthetic diamonds, deep defects such
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as vacancy complexes and substitutional nitrogen have important effects

on the material’s electronic properties [65]. In particular, substitutional

nitrogen atoms form donor levels ≈1.7–2.2 eV below the conduction band

edge [66, 67], and the timescale for charge transport through these levels

is very long (on the order of hours) even in nitrogen-rich diamond at room

temperature [68]. These traps are easily ionized by the 532 nm repump

beam (≈100 µW) which is 4–5 orders of magnitude stronger than the red

laser (≈1 nW). When voltages are applied, this leads to a long-lived non-

equilibrium charge distribution in the illuminated volume of the sample,

which can either amplify or screen the local electric field.

2.3.2 Vertical electric fields

As a simplified one-dimensional demonstration, we present in Fig. 2.3a the

Stark-shift response of an NV center 13 µm below the surface of a second

diamond sample irradiated and annealed under similar conditions, but pat-

terned with a global top gate of the transparent conductor indium-tin-oxide

(device B). As the top-gate bias is stepped in a loop over ≈160 min, we

observe hysteresis in the response characteristic of ≈1 h charge-relaxation

timescales. Furthermore, by comparing the magnitudes of the Stark shifts

due to biases applied laterally across an 8 µm gap (Fig. 2.2) and vertically

across the 0.5 mm sample thickness (Fig. 2.3a), we find that, when the

top-gate bias is negative, the local electric field below the top gate appears
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to be amplified by roughly an order of magnitude over dielectric predictions

[Supplemental of Ref. [45]]; conversely, the field appears to be completely

screened above a ‘threshold bias,’ where the response is flat. The response

of an NV center in device A to variations of VDC is qualitatively similar

[Supplemental of Ref. [45]], and both are consistent with a picture in which

positive charges in the illuminated volume below the NV center rectify the

Z-component of the electric field.

2.3.3 Rectified component of the electric field

We can incorporate these charging effects into a phenomenological model

capturing the essential features of our observations. As depicted in Fig.

2.3b, the local electric field for an NV center between two surface gates is

composed of a dielectric component roughly parallel to the sample surface

and a rectified component due to photoionized charge that is mainly out

of plane. We model this field as

F = βV v̂ + β|V |ξ, (2.4)

where β accounts for geometric and dielectric factors that predict a local

electric field in the direction v̂ in response to an applied voltage V , and ξ

is a dimensionless vector giving the relative strength and direction of the

rectified field, assumed to scale linearly with |V |. Due to the long charg-

ing timescale, the rectified field β|V |ξ does not change when we switch

the bias polarity on millisecond timescales while the dielectric component
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Figure 2.3: Rectifying photo-induced field a) Stark shift hysteresis loop for

an NV center 13 µm below a transparent top gate, as a function of top-gate voltage.

Points mark the transition frequencies from a two-Lorentzian fit to a PLE spectrum

at the corresponding voltage and color-coded arrows indicate the sweep direction. b)

Schematic of the local electric fields in a lateral geometry. Photoionized charge traps in

the illuminated volume contribute a rectified field R predominantly in the +Z direction,

which adds to the dielectric field E to shift the direction of the local field F. Marker

sizes slightly exceed measurement uncertainties.

βV v̂ changes sign, producing a polarity-asymmetric response. The as-

sumption of a linear relationship between the rectified field strength and

|V | is motivated by the empirical observation that ν̄, proportional to Fz,

varies linearly with applied bias in all our measurements. This amounts

to an approximation that the spatial distribution of photoionized charge

remains fixed, while the charge density varies linearly with |V |.

Figure 2.4 shows the mean (ν̄) and difference (δ) of the transition fre-

quencies extracted from fits to the PLE spectra in Fig. 2.2. The NV-center

symmetry axis ([111̄] in this case) is uniquely determined by the sign of

ν̄ in response to electric fields in different directions. By substituting Eq.

2.4 into Eq. 2.3 and applying the appropriate coordinate transformation,
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Figure 2.4: Phenomenological model for rectification DC Stark components ν̄

and δ (points) extracted from fits of the PLE spectra in Fig. 2.2, with a combined fit

according to the model described in the text (solid curves).

we obtain a model that quantitatively agrees with our observations [Sup-

plemental of Ref. [45]], as shown by the fits to the data in Fig. 2.4. Given

that this is only a simplified phenomenological description of a complicated

three-dimensional system, it matches our observations well.

2.3.4 Eliminating the photo-induced field

Finally, we present a control experiment in which we mitigate effects due

to the 532 nm repump cycle. Occasional repump pulses are still required

to compensate for photoionization of the NV− charge state due to sequen-

tial two-photon absorption, but with weak (<1 nW) resonant light, the

required repump period can be increased to several seconds [35], allow-

ing time to apply bias, record a complete PLE spectrum, and re-zero the

bias, all between repump pulses. Since weak spin-nonconserving optical
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Figure 2.5: Eliminating the photo-induced field a) Orbital transitions as a func-

tion of gate voltage with (left) and without (right) 532 nm repump excitation. b) DC

Stark components (points) and fits (solid curves) measured both with (green squares)

and without (orange circles) the 532 nm repump excitation. Inset: Micrograph and pho-

toluminescence image of device C, with electrical connections marked. The 7 µm-deep

NV center measured in is circled. In all cases, marker sizes slightly exceed measurement

uncertainties.

transitions quickly polarize the NV-center spin away from resonance in the

absence of the repump cycle, we mix the spin population by applying a

microwave magnetic field resonant with the GS spin transition. We use

another device for this purpose (device C), shown in the inset of Fig. 2.5,

which is fabricated on the same diamond as our four-gate lateral device.

It consists of a short-terminated waveguide to generate microwave fields

and serve as ground, and a gate that when biased produces lateral electric

fields across an 8 µm gap.

For an NV center in device C, Fig. 2.5a shows the orbital transitions
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as a function of gate voltage, while in Fig. 2.5b, the resulting ν̄ and δ are

plotted. The NV center used is circled in the inset of Fig. 2.5b. Once

again the bias polarity is switched at 1 kHz and the PLE photons are

binned accordingly. A polarity asymmetry is clearly observed when the

repump beam is present, particularly as a kink in ν̄, and it is significantly

reduced when the biases are applied in the absence of the repump cycle.

Fits to the data using our model [Supplemental of Ref. [45]] are shown as

solid curves, from which we find that |ξ| is reduced from 0.71±0.02 with

the standard repump cycle to 0.33±0.03 when the 532 nm beam is omitted.

2.4 Tuning NV centers to degeneracy

Based on this understanding, we can exploit the photoinduced charge

to obtain greatly enhanced tunability in our four-gate geometry (device

A). Since the rectified field points predominantly out of plane and has

strength comparable to the dielectric component, we effectively obtain

three-dimensional control of the local electric field vector. The applica-

tion of a negative reference bias VDC as shown in Fig. 2.1c increases the

rectified component FZ independently of (FX , FY ). As a demonstration

of the flexibility of this technique, we present a tuning diagram in Fig.

2.6 in which we use (VX , VY ) to scan through the C3v degeneracy point at

different settings of VDC.

Each crossing occurs at a different frequency, with the corresponding
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Figure 2.6: Tuning NV center orbital transitions to degeneracy Tuning dia-

gram for the NV center marked in 2.1c. Degeneracy is achieved at different frequencies

by setting the applied biases (VDC, VX , VY ) as marked in the upper panel; in the lower

panel we show PLE spectra as a function of VX around each of these points for fixed

VDC (VY is also varied to keep the ratio VX/VY constant). We can shift a second NV

center to degeneracy within the tuning range of the first, as shown by the PLE spectra

outlined in blue (lower panel) and the corresponding blue line (upper panel) marking

the degenerate frequency.

bias point (VX , VY , VDC) marked in the upper panel. Essentially, we are

compensating the transverse components (SEx , SEy) of the intrinsic fields

and tuning the longitudinal component of F to shift the frequency. Since

the rectified field always points along +Z, we can only tune the frequency

in one direction, but the effect is strong enough to produce a >10 GHz

shift in the degenerate frequency with practical applied voltages.

With this technique we can tune multiple NV centers to have the same

49



degenerate transition frequency. The PLE spectra outlined in blue in Fig.

2.6 were obtained from a second NV center in the same device at VDC = 0 V,

and display C3v degeneracy at a frequency within the tuning range of the

first. If these two NV centers were in separately-controlled devices and

tuned simultaneously to degeneracy at the same frequency, they would

couple identically to indistinguishable photons.

In conclusion, we have used electric fields to tune the ZPL transitions

of individual NV centers in micron-scale devices size-compatible with pho-

tonic structures. Through their DC Stark shifts, NV centers serve as

nanoscale probes of their electrostatic environment, revealing strong signa-

tures of charge accumulation due to photoionization of deep donor levels

in the diamond. We have analyzed these effects with a phenomenological

model and used the additional fields provided by photoionization to obtain

three-dimensional control of the local electric field, in order to tune both

the overall energy and orbital splitting of the excited-state Hamiltonian.

In particular, we have demonstrated how to reach the C3v symmetry point

and then apply longitudinal perturbations to shift the degenerate pho-

ton energy. By coupling multiple NV centers to indistinguishable photons

with this technique, photonic networks could provide a quantum bus to co-

herently couple distant NV centers, and entanglement swapping protocols

[69, 70] could enable long-distance quantum key distribution.
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Chapter 3

All-optical control of the NV

center with coherent dark

states

The following chapter is adapted from previously published work [55]. I

worked on this experiment in close collaboration with Bob Buckley, along

with theoretical assistance from Guido Burkard, and statistical analyses

from David Christle. F. Joseph Heremans and Lee Bassett also provided

valuable assistance in analysis and manuscript preparation. Further details

from this experiment can be found in Appendix B.

3.1 Dark Resonances

To explore control of individual quantum states, our experiments exploit

coherent dark resonances that occur in a basic quantum mechanical level

configuration known as a lambda (Λ) system. This configuration, consist-
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ing of two lower energy states coherently coupled to a single excited state,

has been observed in a wide array of systems including atoms [12], trapped

ions, diamond nitrogen-vacancy (NV) centers [15, 16], quantum dots [18],

superconducting phase qubits [19], and optomechanical resonators [20]. In

trapped ions, Λ systems can additionally be exploited to drive stimulated

Raman transitions providing unitary rotations of the qubit state [71, 21].

This versatile structure also forms the framework for a variety of other im-

portant advances in quantum science such as electromagnetically induced

transparency [72], slow light [73], atomic clocks [74], laser cooling [75], and

spin-photon entanglement [40].

Here, we use time-resolved methods and quantum state tomography to

explore the dynamics of various optically driven processes within a solid-

state Λ system (Fig. 3.1a). This allows us to demonstrate three all-optical

quantum control [21, 76, 77] protocols for a single NV center: initialization,

unitary rotation, and readout of its spin state. Our Λ system consists of

two ground state spin sublevels coupled to a spin-composite excited state

sublevel formed by tuning the excited states to an avoided level crossing,

or anticrossing. Driving transitions between the levels of our Λ system res-

onantly with appropriate coherent light fields (Fig. 3.1a) causes any initial

mixed state to be purified [78], or trapped, into a well-defined but selectable

quantum superposition. This superposition is called the “dark state” since

destructive interference from the driving fields causes the system not to
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be optically excited. This dissipative effect, known as coherent population

trapping (CPT), allows us to initialize the precessing spin anywhere on

the rotating-frame Bloch sphere, the geometric surface corresponding to

all possible superposition states of the spin. Opposite the dark state on

the Bloch sphere is a corresponding “bright state” which couples strongly

to the optical fields. Together, these dark and bright states define a unique

basis whose orientation within the rotating frame is a function of the rel-

ative phase and amplitude of the two driving optical fields (Fig. 3.1a).

A complementary process allows us to read out the spin state within this

selected basis because the resultant photoluminescence (PL) during the

transient period of the CPT interaction is proportional to the spin’s pro-

jection along the bright state. Furthermore, detuning the driving fields

from resonance within the Λ system produces unitary rotations of the spin

state about a chosen dark/bright-state axis, a dispersive technique that

is a product of stimulated Raman transitions (SRT). Thus, this Λ system

approach allows spin initialization, readout, and rotation schemes to all

function within a fully mutable basis.

3.2 A Λ system in the NV center

We select the subspace spanned by two ground-state spin-triplet sublevels

(ms = 0 and +1) as our qubit states; the presence of the third sublevel

(ms = −1) causes only a small loss in fidelity (§B.4). We denote these
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Figure 3.1: Λ configuration and the NV center, Λ configuration within the NV

center level structure (left), depicting excitation with two optical driving fields from

ground states (GS) to excited states (ES). At the center of the excited-state anticross-

ing, the two upper Λ states |Re1〉 and |Le1〉 (bolded green) are the orthogonal, equal

superpositions of |0e1〉 and | + 1e1〉. An example dark state, |D〉, from the |Re1〉 Λ

system, is plotted on the rotating-frame Bloch sphere (right), where its polar, θ, and

azimuthal, φ, positions are a function of applied laser power and phase (equation).

states |0g〉and | + 1g〉. To form the necessary excited state, we apply a

magnetic field to reach a spin sublevel anticrossing, whose levels are a

function of crystal strain, spin-spin, spin-orbit, and Zeeman interactions

[27, 28] (§3.7.1). The anticrossing we use is between the |0e1〉 and |+ 1e1〉

spin sublevels within the lower-energy excited-state orbital branch1 and

results in two spin-composite levels (Fig. 3.2a) separated in energy by

δe1 ∼ h∗0.18 GHz. Either of these superposed levels, denoted |Re1〉 and

|Le1〉, can act as the upper state of our Λ system (Fig. 3.1).

1In this chapter, we denote the lower branch of the excited state, EY , as “e1” and

the upper branch, EX , as “e2”

54



550 650 750
0.5

1

1.5

Magnetic Field, B (G)

R
el

. L
as

er
 F

re
q.

 (G
H

z)

 

 

PL (a.u.)
0.5 1

a b

-0.2 0 0.2

1

2

3

P
L 

(a
.u

.)

Center
Re1

Le1

Ground State Detuning,∆GS(GHz)

Figure 3.2: Excited state anticrossing a) PL from resonant excitation as a function

of magnetic field and laser frequency illustrating the anticrossing between the |0e1〉 and

|+ 1e1〉. b) PL from excitation with two optical fields as a function of the detuning of

ωmw from δGS/~, resonant with either |Re1〉, |Le1〉, or centered between both resonances.

In order to address the Λ-system transitions, we split light from a

637 nm (ωL/(2π) ∼470, 000 GHz) laser tunable across the NV center’s op-

tical transitions into sidebands (multiples of ωmw/(2π) ∼4.6 GHz) with an

electro-optic phase modulator. The relative phase (φ) between the two

optical fields that are resonant with the Λ transitions determines the az-

imuthal position of the dark state on the Bloch sphere in the ωmw rotating

frame. Similarly, the relative amplitude of the two optical fields deter-

mines the dark state’s polar angle, θ (Fig. 3.1). We first observe CPT

spectroscopically [12, 15, 16, 17, 18, 19] by examining the PL under quasi-

continuous photoexcitation that optically drives only one of the Λ systems.

A sharp dip in PL is observed centered at ωmw = δGS/~ where δGS is the

mean energy splitting between the spin eigenstates (Fig. 3.2b), indicating
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that the spin is being coherently trapped in the dark state. Because the

spin-composite excited states are orthogonal in the |0e1〉 and | + 1e1〉 spin

subspace, the dark states from each of the separate Λ systems have oppo-

site azimuthal phases but the same polar position on the rotating-frame

Bloch sphere for a given optical Λ-driving configuration. For this reason,

when we tune the laser to equally excite both Λ systems (“center” curve in

Fig. 3.2b), their competing dark states quench the PL dip. For subsequent

studies, we set ωmw = δGS/~ unless otherwise noted.

3.3 Coherent population trapping for

arbitrary-basis spin initialization

3.3.1 Tomographic reconstruction of coherent

population trapping

We extend our investigation of the CPT interaction further by probing the

time dynamics of the resultant spin state. We set the lasers resonant with

the |Re1〉 Λ system to produce a dark state near the Bloch sphere equator.

After preparing the initial spin state in either |0g〉 or |+1g〉 with traditional

off-resonant (532 nm laser) optical polarization and microwave electron-

spin resonance (ESR) techniques [79], we engage the CPT interaction for

a variable duration to polarize the spin toward the dark state. We then

perform quantum state tomography (§3.7.3 and §B.2) by projecting the X,
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Figure 3.3: Quantum state tomography of coherent population trapping X,

Y, and Z projections of the resultant spin state due to coherent population trapping as a

function of interaction time for an initial state in |0g〉 (top) and |+1g〉 (bottom), plotted

with a simulation of the time dynamics using a Lindblad master equation approach (see

§3.7.4 and §B.3).

Y, and Z projections of the post-CPT spin state via microwave ESR pulses

phase-matched to ωmw onto the |0g〉/|+1g〉measurement basis. Subsequent

spin readout along this basis is accomplished via a second laser resonant

with the |0g〉 to |0e2〉 cycling transition [38] (Fig. 3.1 and §3.7.2). These

time-resolved projections are presented in Fig. 3.3, and are reconstructed

on the Bloch sphere in Fig. 3.4a for both initial states.

The tomographic reconstructions (Fig. 3.4a) show that the spin state
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Figure 3.4: Time dynamics of coherent population trapping a) Bloch sphere

representation of the spin state as a function of the CPT interaction time, on resonance

with |Re1〉. Beginning near either |0g〉 (orange) or |+ 1g〉 (blue), this process polarizes

the spin towards |D〉 regardless of its initial state. Errors are ∼3x the point size, and

are detailed in the §B.2 and §B.3. b) Model of the time dynamics using a Lindblad

master equation approach (§B.3).
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Figure 3.5: Fidelity of coherent population trapping Fidelity of initialized spin

state as a function of pulse duration. Fidelity is compared to the pure state |D〉.

evolves towards the dark state regardless of its initial state, and a theo-

retical model, based on a Lindblad master equation approach, accounting
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for both Λ systems (Fig. 3.4b) is in qualitative agreement with our data

(§3.7.4 and §B.3). As a function of pulse duration, the initialization fidelity

saturates at about 80% after 100 ns (Fig. 3.5). The fidelity is limited, in

particular, by decoherence from optical coupling to the second nearby Λ

system, as well as finite T ∗2 spin coherence [80], spectral diffusion [35], and

some pumping into the third spin state | − 1g〉 (§B.4).

3.3.2 Arbitrary spin-state initialization
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Figure 3.6: Arbitrary spin-state initialization: azimuthal a) Azimuthal initial-

ization of spins via CPT on resonance with |Re1〉. Varying the relative phase between

the two optical fields (φ) changes the azimuthal location. b) X, Y, and Z projections

of azimuthal initialization, on resonance with |Le1〉 (top) vs. the orthogonal state |Re1〉

(bottom). Error bars are within point size. Prior to CPT, the spin was polarized into

|+ 1g〉 (§B.2). The CPT pulse duration was 200 ns (a)) or 100 ns (b)). Errors are ∼2x

the point size, and are detailed in §B.2.

The allure of this technique is the ability to initialize the spin arbitrarily

on the Bloch sphere solely by varying the relative phase and amplitude of

the two optical fields. In Fig. 3.6a, we demonstrate initialization along
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different equatorial points of the Bloch sphere by changing the relative

phase between the two driving optical fields resonant with |Re1〉. Because

|Re1〉 and |Le1〉 are orthogonal spin mixtures, tuning the lasers to |Le1〉

instead is equivalent to shifting φ of the final state by π radians (Fig.

3.6b). Alternatively, by tuning the relative amplitudes of the two optical

fields, we initialize the spin at various points along a meridian of the Bloch

sphere (Fig. 3.7a). Finally, we combine polar and azimuthal control to

demonstrate spin initialization at points along a great circle rotated π/4

radians from the polar axis (Fig. 3.7b).

a b0g
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+1g

Figure 3.7: Arbitrary spin-state initialization: polar and great circle a) Polar

initialization of spins, on resonance with |Re1〉. Varying the relative amplitude between

the two optical fields (tan(θ/2)) changes the polar location. b) Initialization of spins

along a great circle canted π/4 off the polar axis, achieved through control of both

the relative phase and amplitude of the two optical fields. Prior to CPT, the spin was

polarized into |+ 1g〉 (§B.2). The CPT pulse duration was 200 ns. Errors are ∼2x the

point size, and are detailed in §B.2.
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3.4 Arbitrary-basis spin readout via CPT

photoexcitation
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Figure 3.8: Dark/bright projection technique a) Λ configuration recast in terms

of ground state orthogonal superpositions, the bright |B〉 and dark |D〉 states. The

driving fields are similarly recast as an optical pump on the bright state transition. b)

The emitted PL response of the NV center spin as it settles into the dark state, starting

either near the bright or dark state. This trace is a sum of 2.3× 106 iterations with the

data binned into 10 ns time intervals.

Readout along an arbitrarily-chosen basis [81] is realized through a

complementary process as the emitted PL during the CPT interaction with

the two optical fields is proportional to the projection of the spin along the

bright-state axis. This can be thought of as a recasting of the ground

states of our Λ system in terms of the bright and dark states, orthogonal

superpositions of the original spin eigenstates |0g〉 and | + 1g〉. The two

driving light fields are correspondingly recast as a single optical pump

acting on the bright state transition (Fig. 3.8a), since they do not couple

to the dark state from destructive interference of photoexcitation. During
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the interaction, the spin evolves toward the dark state, and the emitted PL

provides a measure of the spin state prior to the interaction (Fig. 3.8b).

This technique, which we refer to as dark/bright-state projection (DBP),

bears similarity to electromagnetically induced transparency [72], but we

instead measure the transient optical response of the NV center rather than

the amount of transmitted light.
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Figure 3.9: Arbitrary basis readout a) Spins initialized at points along the equator

and read out through DBP. The DBP basis is chosen such that the corresponding bright

state, indicated in the legend, is at one of four points on the equator (top panel) or one

of the poles (bottom panel). b) Spins initialized at points along a meridian, mapping

out Rabi oscillations, and read out via DBP in the same bases as in C. Error bars

represent 1σ shot noise.

To demonstrate arbitrary-basis readout, we prepare the spin state with

ESR pulses either along various positions on either the equator (Fig. 3.9a)

or a meridian (Fig. 3.9b) of the Bloch sphere, and then use DBP to read

out the spin state along six separate bases with bright states corresponding

to the ±X, ±Y , and ±Z positions of the rotating frame Bloch sphere. The

number of photons measured is in direct proportion to the projection of the
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spin state along the chosen axis. The signal-to-noise of spin readout using

DBP along polar bright states is comparable to traditional spin readout

techniques via the intersystem crossing, while DBP spin readout along

equatorial states requires roughly 3x more averaging (§B.5) to achieve a

similar signal-to-noise ratio.
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Figure 3.10: All-optical Ramsey measurement (top) All-optical Ramsey exper-

iment, detuned such that ωmw − δGS/~ = 2π · 7.5 MHz. The CPT initialization and

DBP readout pulses are each 50 ns in duration. (bottom) Room-temperature Ramsey

measurement using ESR pulses with similar detuning for comparison. All error bars

represent 1σ shot noise.

By combining both CPT initialization and DBP readout, we perform

an all-optical Ramsey measurement [82] by varying the delay between the

CPT and DBP pulses in order to measure the transverse inhomogeneous

spin coherence time, T ∗2 (Fig. 3.10, top). Collapses and revivals in the

signal are indicative of hyperfine coupling to the 14N spin. The all-optical

response is similar to Ramsey measurements taken at room temperature

using ESR pulses and traditional intersystem crossing-based initialization
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and readout (Fig. 3.10, bottom). Further details can be found in §B.6.

3.5 Arbitrary-axis spin rotations via

stimulated Raman transitions

Within this same Λ system framework, we also demonstrate unitary spin

rotations about any qubit axis via SRT. By detuning ωL from resonance

while keeping ωmw = δGS/~, driving the Λ system produces adiabatic en-

ergy shifts of the bright state during the laser pulse without modifying

the dark state energy, generating unitary spin rotations [21, 42, 71, 77]

along the dark/bright state Bloch sphere axis. In order to drive rotations

about an equatorial axis, we tune the two equal-intensity (tan(θ/2) = 1)

driving fields to be centered between the |Re1〉 and |Le1〉 resonances, such

that SRT generated from both Λ systems add constructively while CPT

effects from both reduce coherence but produce no net spin polarization

due to competing dark states. In Fig. 3.11a, we present the dynamics

of SRT spin rotations along two different equatorial rotation axes of the

Bloch sphere (“σX” or “σY ”), corresponding to different relative phases

(φ) of the two optical fields. We measure a 69% process fidelity for a “σX”

or “σY ” π-rotation, limited largely by spontaneous decay. Rotations about

non-equatorial axes, such as the polar axis [42] (“σZ”), are also achievable

in this system (Fig. 3.11b) but require different configurations of the light

fields (§B.3).
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Figure 3.11: Arbitrary-axis rotations of the NV center spin a) Bloch sphere

representation of “σX” and “σY ” coherent rotations at ∼10 MHz due to SRT. The two

measurements correspond to different relative EOM driving phases (φ), separated by

π/2 radians, and show the trajectory of a spin originating near |0g〉. (orange) and |+1g〉.

(blue). The axes of rotation are added as guides to the eye. b) Bloch sphere repre-

sentation of “σZ” coherent rotations due to SRT, showing spin trajectories originating

near orthogonal points on the equator (maroon and grey). Errors are ∼2x the point

size, and are detailed in §B.3.

Finally, to illustrate the full suite of these optical control protocols,

we present an all-optical Hahn echo measurement of an NV center spin’s

homogeneous spin coherence time, T2. This measurement consists of a

CPT laser pulse for spin initialization along the Bloch equator, followed by

a SRT laser pulse to flip the spin to produce an echo, and finally a DBP
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readout pulse to measure the final spin state along an equatorial basis

(§B.7). We determine T2 ∼900 µs, corroborated by an ESR-based Hahn

echo measurement at room temperature (Fig. 3.12).
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Figure 3.12: All-optical Hahn echo measurement All-optical Hahn echo mea-

surement (green points) consisting of CPT spin initialization, a π spin rotation via SRT,

and DBP spin readout fit according to the equation on the graph. Room temperature

Hahn measurement via ESR pulses is also shown (grey points). Error bars are 1σ shot

noise.

3.6 Conclusions and outlook

We demonstrate all-optical initialization, readout, and coherent unitary ro-

tations of an individual NV-center spin, forming a triumvirate of protocols

for single-spin control that can be performed along any arbitrarily-chosen

basis. Using these protocols, we demonstrate two measurements of trans-

verse spin coherence solely with optical pulses. The ability to select any

basis allows for quantum operations to be implemented directly without

the need for extra control steps to project onto or from the preferred en-
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ergy eigenstate basis. This eliminates the need for ESR operations [79],

enabling control of individual spins within a much smaller device footprint,

with promise for large-scale implementations of spin arrays [83] or photonic

networks [51, 52]. Perhaps most importantly, these methodologies mitigate

the need for the NV center’s intersystem crossing spin-selectivity and thus

can be used to investigate and control a wide array of defects and other lo-

calized quantum states in solid-state materials, not just those with NV-like

structures [29, 30]. As such, these techniques open the door to exploring

quantum coherence and developing quantum information platforms in a

broad range of semiconductors and nanostructures.

3.7 Methods

3.7.1 Sample

The sample was a 2 × 2 × 0.5 mm electronic grade diamond purchased

from Element Six, consisting of < 5 ppb nitrogen that was irradiated with

a 1e14 electrons/cm2, 2 MeV dose and subsequently annealed at 850 ◦C

for two hours. Ti/Pt/Au devices, consisting of DC pads and a short-

terminated waveguide, were deposited on the sample using standard pho-

tolithographic techniques. All experiments were performed in a confocal

microscopy setup (§B.1) with a liquid helium flow cryostat held at 8 K.

The sample was thermally sunk to the cryostat and the waveguide was

wirebonded to a microwave line in the cryostat for on-chip ESR. The stud-
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ied NV center excited state orbital strain splitting between ms = 0 spin

sublevels varied from 4.6 GHz to 5.8 GHz between cryostat cooldowns as

thermal cycling modified the crystal strain. As a result, the DC-applied

magnetic field at which the lower-branch excited state spin anticrossing

occurred varied (550− 750 G) which led to variations in the ground state

spin splitting between |0g〉 and |+ 1g〉 (δGS/h ∼4.3 to 5.0 GHz).

3.7.2 Experimental techniques

Our confocal microscopy setup consists of a 100 mW 532 nm non-resonant

excitation laser used for the standard NV center intersystem crossing spin

initialization and readout protocol [84], and two tunable 637 nm lasers res-

onant with various NV center optical transitions. The light field from one

of the resonant lasers was fiber-coupled to an EOM in order to split the

optical field, at ωL, into different frequency sidebands, separated by ωmw,

to optically drive the Λ system. For the CPT and SRT measurements,

a second resonant laser functioned as a one-color spin-state readout laser

along the SZ basis by being resonant with the |0g〉 to |0e2〉. transition [38]

(Fig. 3.1a) resulting in higher collected PL when the spin was in |0g〉. In

Fig. 3.11b only, the light field from this second resonant laser was instead

fiber-coupled to a second EOM, where the first laser was used to perform

CPT and DBP and the second laser was used to perform SRT for this Hahn

echo pulse sequence. All three lasers were gated using separate acousto-
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optic modulators (AOMs) for pulse timing control. They were subsequently

passed through a variety of polarization optics, combined with beamsplit-

ters, and focused onto the sample with a 0.85 numerical aperture 100×

microscope objective that is aberration-corrected for the cryostat window.

PL from the NV’s red-shifted phonon sideband was collected back through

the objective, filtered by dichroic beamsplitters, and focused onto a silicon

avalanche photodiode (APD).

Microwaves to drive the EOM(s) and for on-chip microwave ESR driv-

ing [79] originated from the same signal generator at frequency ωmw/(2π),

which varied from 4.3− 5.0 GHz due to variations in δGS/h from changes

in NV center strain. The microwaves going to the EOMs and to the sam-

ple for ESR passed through IQ modulators for phase control between the

various CPT, SRT, DBP, and ESR pulses. These microwave signals were

also gated in time and amplitude-controlled using microwave modulators

and switches. Timing for the microwave switches, AOMs, and IQ modu-

lators were controlled by an arbitrary waveform generator, a PulseBlaster

card, and a pulse-pattern generator. Pulse sequences used for these exper-

iments consisted of a traditional initialization pulse at 532 nm as a spin

reset, followed by a sequence consisting of a number of the following tech-

niques: on-chip microwave ESR pulses as well as techniques utilizing the

637 nm tunable lasers, including CPT spin-state initialization, DBP spin-

state readout, |0e2〉 spin-state readout, and/or SRT coherent spin rotation.
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Details for each pulse sequence are discussed throughout Appendix B. A

magnetic field was applied along the NV center axis with a permanent

magnet on a motorized stage and was adjusted to tune to the anticrossing

used.

3.7.3 Quantum state tomography

To perform quantum state tomography on our CPT spin-state initializa-

tion and SRT coherent rotation, we read out the X, Y , and Z projections

of the post-interaction state. All projections were mapped onto the SZ ba-

sis using ESR pulses and then read out with the laser resonant with |0e2〉.

We applied a Bayesian approach to the tomographical reconstruction of

the spin state [85], detailed in §B.2, that takes into account finite read-

out contrast, laser drift, and axial/length imperfections in the microwave

rotations used to project the different spin components.

3.7.4 Theoretical modeling

To describe the dynamics of the NV center spin under optical excitation in

the Λ level configuration [13], we include five energy levels: two out of the

three ground-state levels |0g〉, | + 1g〉, the two mixed excited states |Le1〉

and |Re1〉 as the upper state of each Λ system, as well as the intermediate

singlet |S〉 which here plays a role for unintentional intersystem crossings.

The Hamiltonian, in the rotating frame, for the subspace spanned by these
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five basis states can be expressed as

H =
∑
α

εα|α〉〈α|+
∑
G=0,1

∑
E=R,L

(
ΩGE|Ee1〉〈Gg|+ h.c.

)
, (3.1)

where the first sum runs over all states α = 0g,+1g, Le1, Re1, S with cor-

responding energies ε0g = ε+1g = ∆L (where ∆L is detuning of ωL from

resonance to a Λ system), εRe1 = 0, εLe1 = −δe1, and εS. The laser exci-

tation from one of the lower states G = 0, 1 to one of the upper states

E = L,R is described by the Rabi frequencies in the rotating frame,

Ω1E = Ω cos(θ/2) (3.2)

Ω0E = ±Ω sin(θ/2)eiφ (3.3)

where the upper (lower) sign holds for E = R (E = L).

We studied the time evolution of the system by numerically solving the

Lindblad master equation [86, 87] for the density matrix of the NV center

in the rotating frame. In addition to coherent processes such as excitation

from the two driving fields, the master equation also accounts for sponta-

neous decays of charge and spin with some rates known from independent

experiments. In the idealized, long-time limit case, with only one excited

level included, the resulting eigenvector with eigenvalue 0 corresponds to

the dark state:

|D〉 = cos(θ/2)|0g〉 ∓ e−iφ sin(θ/2)|+ 1g〉 (3.4)
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where the upper (lower) sign holds for the single excited state level being

E = R(E = L). In actuality, the steady state is described by a mixed

state which can deviate slightly from |D〉〈D|. The simulated behavior of

the NV spin during CPT and SRT is in good qualitative agreement with

the experimental data (Fig. 3.4 and Fig. B.6-B.9). Further details can be

found in §B.3.
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Chapter 4

Optical accumulation of Berry

phase in the NV center

The following chapter is adapted from a recently submitted manuscript [56].

I worked on this experiment in a joint effort with F. Joseph Heremans

and Brian Zhou. Theoretical modelling was developed by Adrian Auer and

Guido Burkard. Further details from this experiment can be found in Ap-

pendix C.

4.1 Geometric phases

When a quantum mechanical system evolves slowly along a closed loop in

its parameter space, a given eigenstate may acquire a phase consisting of

both a dynamic and geometric contribution. First proposed by S. Pan-

charatnam [88] in his study of cyclic rotations of the polarization of light,

and later generalized by M. V. Berry [89], this adiabatic geometric phase
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is determined solely by the geometry of the traversed loop, in contrast to

the dynamic phase that accumulates from the energetics and travel time

of the intervening state evolution. Since the Berry phase is proportional to

the area enclosed by the path in parameter space, it is intrinsically resilient

to noise that causes deviations to the path but conserve the total enclosed

area [90, 91]. Geometric control thus represents a promising avenue for

constructing fault-tolerant quantum logic gates [92, 93].

Control over geometric phases, occurring both when the cyclic evolution

is traversed adiabatically [89] and non-adiabatically [94], has been demon-

strated in a variety of physical platforms, including liquid nuclear magnetic

resonance [95], trapped atoms [96], and more recently in the solid-state in

superconducting qubits [97, 98] and defect spins [99, 100, 101]. However,

current implementations of geometric phase control in solid-state systems

have utilized microwaves that are difficult to localize and thus concede the

ability to selectively address nearby qubits without crosstalk. Here, we

manipulate the Berry phase in a solid-state qubit using diffraction-limited

resonant laser fields. This opens the possibility for independent manipula-

tion of single qubits in photonic networks [50] and spin arrays [83] through

geometric principles where fine control over the energetics is inessential.

While a similar optical protocol has been recently realized using trapped

calcium ions [102], our realization in the solid state offers potential integra-

tion into photonic platforms and harnesses larger energy scales to enable
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significantly faster adiabatic control.

The method we employ is based on proposals to accumulate geometric

phases via stimulated Raman adiabatic passage (STIRAP) [103, 104]. In

STIRAP, two laser fields couple two levels |α〉 and |β〉 to a single excited

level |ε〉 in a lambda (Λ) configuration (Fig. 4.1a). As discussed in Ch.

3 The amplitude and phase relation between the two laser fields define a

new zero-energy eigenstate in the interaction picture, known as the dark

state |D〉, a superposition of the |α〉 and |β〉 states that does not couple to

the light fields due to destructive interference. By adiabatically adjusting

the amplitude and phase of the optical fields, any initial dark state can

be connected to any other final dark state, thus transporting the state

arbitrarily on the Bloch sphere spanned by |α〉 and |β〉. Traditionally,

STIRAP has been utilized in atomic [105, 14] and solid-state systems [22,

23] for highly efficient population transfer between the states |α〉 and |β〉

bypassing the potentially lossy excited state |ε〉 (pole to pole evolution,

shown by the red gradient curve in Fig 4.1b). However, when STIRAP

is extended to a full loop (red and blue gradient curves together in Fig

4.1b), the dark state returns to itself and accumulates a Berry phase, γB,

[102, 103, 104] proportional to the solid angle enclosed on the Bloch sphere.

In this work, we demonstrate Berry phase control through the adiabatic

passage of a dark state within a single negatively charged nitrogen-vacancy

(NV) center in diamond.
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Figure 4.1: STIRAP to enclose Berry phase a) Λ system within the NV center

level structure consisting of | − 1g〉 and | + 1g〉 coupled to the spin-orbit excited state

|A2〉 by two optical driving fields Ω+1(t) and Ω−1(t), with one-photon detuning, ∆, and

two-photon detuning, δ. b) Time trace (red → blue gradient) of state transfer through

STIRAP on the Bloch sphere. The gradient red trajectory indicates transfer from a

dark state |α〉 to a dark state |β〉. Returning the dark state to |α〉 along a different

longitude (gradient blue) encloses a wedge angle, Φ. Berry phase, γB , accumulates on

|α〉, proportional to Φ.

4.2 Understanding STIRAP in the NV

Center

4.2.1 The A2 Λ system in the NV center

We exploit a natural Λ system within the NV center level structure, at

cryogenic temperatures (T = 8 K), formed by its ground state mS = −1

and +1 spin states, or | − 1g〉 and | + 1g〉, coupled to the |A2〉 spin-orbit

excited state [23, 40, 41] (Fig. 4.1a). We tune this Λ system into a non-

degenerate configuration using a 117 G external magnetic field along the

76



NV center axis to Zeeman split | − 1g〉 and | + 1g〉 by 655 MHz. On-chip

microwave control [26] enables rotations between the third ground state

|0g〉 and either | − 1g〉 or | + 1g〉. These microwaves are used only for

the preparation and tomographic projection of the spin state (described in

detail in §C.3.2), but are not involved in the accumulation of the geomet-

ric phase. Instead, we address our Λ system using a narrow-line tunable

637 nm diode laser (470 THz) fiber coupled into an electro-optic modulator

(EOM). Driving the EOM with a signal generator places frequency harmon-

ics on the laser equivalent to the | − 1g〉 / |+ 1g〉 splitting (655 MHz) (Fig.

4.2a). A phase quadrature modulator controlled by an arbitrary waveform

generator governs the relative amplitude and phase relations among these

harmonic sidebands on nanosecond timescales. From this, we achieve full

Bloch sphere control over the resultant dark state, |D〉 [55].

4.2.2 ‘Tangerine slice’ trajectories with STIRAP

In our experiment, the red-shifted first harmonic of the laser is tuned to

the | + 1g〉 to |A2〉 transition with Rabi coupling strength Ω+1(t), and

the zeroth harmonic is tuned to the | − 1g〉 to |A2〉 transition with Rabi

coupling strength Ω−1(t) (Fig. 4.2a). The two laser fields are deliberately

detuned from the one-photon resonance by a red shift ∆ ≈ 65± 15 MHz to

limit unintended absorption during STIRAP, while detuning from the two-

photon resonance by |δ| < 150 kHz arises due to experimental uncertainty
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Figure 4.2: Time evolution of the optical fields a) Frequency harmonics of the

electro-optic modulator split by 655 MHz, to drive both transitions in the Λ system.

Assignment of harmonics to transitions is indicated. b) Example trace of the relative

optical Rabi frequency of the driving fields, Ω+1(t) (blue) and Ω−1(t) (red), as a function

of time showing the movement of the dark state from the |−1g〉 pole (t = 0) to the |+1g〉

pole (t = τ/2) and back (t = τ) during a STIRAP interaction. The pump amplitudes

in a) correspond to the times highlighted by the red and blue linecuts in b).

(see §C.4.2). In our protocol, we begin by preparing the spin into |−1g〉. We

then apply only Ω+1(t) which sets |−1g〉 as the dark state. By adiabatically

shifting the relative intensity from Ω+1 to Ω−1, the dark state gradually

moves on the surface of the Bloch sphere from | − 1g〉 to the opposite

|+ 1g〉 pole (Fig. 4.2b), with minimal absorption through the |A2〉 excited

state. The precise time evolution of the field amplitudes Ω+1(t) and Ω−1(t),

displayed in Fig. 4.2b, is governed by the pulse shape applied to the EOM

and the harmonic generation relation in an EOM (§C.3.1). A phase shift,

Φ, between the optical fields at the opposite pole (t = τ/2) and a reversal of

the intensity shift returns the dark state to the |−1g〉 pole along a different
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longitude on the Bloch sphere completing a cyclic route in traversal time

τ . This ‘tangerine slice’ trajectory with wedge angle, Φ, circumscribes a

solid angle, 2Φ, and gives rise to an accumulated Berry phase. (Figs. 4.1b,

4.2b)

4.2.3 Tomography of the STIRAP trajectory

-1g

+1g

0

τ/2

τ

Figure 4.3: Tomography of the STIRAP ‘tangerine slice’ Tomographically

reconstructed path of the spin on the | − 1g〉 / |+ 1g〉 Bloch sphere during the STIRAP

interaction moving from | − 1g〉 to | + 1g〉 and back enclosing Φ = 120◦ (τ = 1200 ns).

The shaded region shows the solid angle enclosed by the ideal trajectory.

Prior to investigating the Berry phase, we explore the mechanisms lim-

iting STIRAP in the NV center by tomographically reconstructing the

path of the spin on the | − 1g〉 to | + 1g〉 Bloch sphere (Fig. 4.3). In this

particular instance, we demonstrate a trajectory with outbound (red) and

inbound (blue) paths separated by Φ = 120◦ for an adiabatic cycle time of

τ = 1200 ns and a peak optical Rabi frequency ΩR = 31± 3 MHz for the

Ω−1 transition. From this time-resolved reconstruction, we observe that
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the length of the dark state Bloch vector (Fig. 4.4a) decreases around

the equator, revives near the opposite pole, and ultimately returns to the

initial pole with 65% of its original magnitude.
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Figure 4.4: Evaluating STIRAP a) The magnitude of the dark state during the

same STIRAP interaction shows a sharp decrease around the equator due to occupation

of non-dark states from non-adiabatic transitions. The gradual decrease in the magni-

tude over time is attributed to loss out of the |−1g〉 / |+1g〉 subspace into |0g〉. The red

curve is calculated from the master equation simulation and is plotted for comparison.

b) Time-resolved photoluminescence (PL) during an experimentally identical STIRAP

interaction as in a), plotted against a non-adiabatic CPT interaction on a log scale.

The relative darkness of the PL during STIRAP indicates that it is a largely adiabatic

evolution. Comparing a) and b), we see the PL during STIRAP peak when the state

is near the equator during both outbound and inbound trajectories, corresponding to

excitation as a result of non-adiabatic following of the path velocity.

This decrease in the state magnitude along the traversal is due to a lag

in the adiabatic following of the dark state. Increases in the velocity of the
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trajectory can cause coupling strengths between the dark and non-dark

eigenstates to exceed their energy gap, leading to non-adiabatic evolution.

These gaps decrease with weaker driving fields, ΩR. Non-adiabatic effects

raise the likelihood of occupying non-dark states that include components

of the excited state |A2〉 [105]. Occupation of these states reduces the over-

all magnitude of the state vector, as these states point in different directions

with respect to the intended dark state in the |−1g〉 / |+1g〉 Bloch sphere.

Furthermore, as they contain components in |A2〉, absorption can occur

and lead to decay either into the intended dark state, causing recovery of

the magnitude, or into |0g〉, causing irreversible loss out of the subpace.

For our STIRAP pulse shape, these effects manifest as sharp decreases in

the magnitude where the velocity of trajectory is greatest (near the equa-

tor). These dips partially recover as the velocity of the path slows and

the trapping rate into the recaptured dark state increases near the |+ 1g〉

pole. Additionally, loss out of the subspace accumulates over the trajectory

causing a gradual decrease in dark state magnitude. A four-state master

equation capturing these effects is presented in §4.6 and §C.1 and repro-

duces the trajectory in Fig. 4.4a. Finally, we tomographically reconstruct

other trajectories for paths enclosing Φ = 0◦ to 330◦ in 30◦ increments, all

revealing similar features. Plotted in Fig. 4.5 are the inbound trajectories

of these paths demonstrating the ability to enclose any wedge angle Φ.

To further qualify the adiabaticity of the path, we measure the photolu-
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Φ = 0

Figure 4.5: Inbound trajectories enclosing various Φ Inbound trajectories of

STIRAP loops enclosing Φ = 0◦ to 330◦ in 30◦ steps indicating full Bloch sphere control

over cyclic paths.

minescence (PL) during the STIRAP transition. Non-adiabatic evolution

permits excitation to |A2〉 and emitted photons, while adiabatic evolution

remains dark. The time-resolved PL during STIRAP (Fig. 4.4b, blue)

indicates that the interaction is dark when compared to a non-adiabatic

interaction that optically pumps the spin from | − 1g〉 to | + 1g〉 and then

pumps the spin back to | − 1g〉 midway through the interaction (Fig. 4.4b,

red). This optical pumping is a form of coherent population trapping

(CPT) [15, 55]. In fact, the average number of photons emitted during the

STIRAP interaction is 9 times fewer than the number of photons emitted at

the beginning of the CPT interaction when the population is maximally in-

verted, indicating that STIRAP is significantly more adiabatic than CPT.

Notably, we observe that additional photon emission (Fig. 4.4b) coincides

with a reduction in the dark state vector (Fig. 4.4a), both consequences
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of the loss of adiabatic following.

4.3 Optical accumulation of Berry phase

4.3.1 Measuring Berry phase

STIRAP
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I II III

Figure 4.6: Sequence to measure Berry phase Pulse sequence to measure Berry

phase accumulated during STIRAP interaction (red and indigo curves denote the θ(t)

and φ(t) trajectories). I. Prepare spin in fixed |0g〉 / | − 1g〉 superposition using mi-

crowave techniques. II. Loop the spin on the | − 1g〉 / |+ 1g〉 Bloch sphere enclosing Φ.

Phase will accumulate on |0g〉 / | − 1g〉 Bloch sphere corresponding to a combination

of a fixed dynamic phase, η, and a varying Berry phase, γB , which is a function of Φ

(Eq. 4.1). III. A final projection pulse reads out the accumulated phase on |0g〉 / |−1g〉

Bloch sphere through state tomography.

With the ability to enclose loops of arbitrary wedge angle, Φ, on the

|−1g〉 / |+1g〉 Bloch sphere, we extend this STIRAP technique to observe

the Berry phase, γB, accumulated on |−1g〉 after a cycle has completed. To
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measure this phase, we exploit the triplet nature of the NV center ground

state by using the third state |0g〉 as a phase reference. We begin by placing

the spin into a fixed |0g〉 / | − 1g〉 superposition. We then use STIRAP to

enclose a given Φ on the | − 1g〉 / | + 1g〉 subspace with τ = 1200 ns and

ΩR = 31 MHz. Phase then accumulates on | − 1g〉 relative to |0g〉, which

is measured by performing state tomography (Fig. 4.6). This final state

has an accumulated phase that is the sum of a dynamic phase, η, that is

constant for all wedge angles and a Berry phase, γB, that scales with the

wedge angle as (see §4.6.3):

γB = −Φ. (4.1)

In Fig. 4.7, top, we show the X and Y tomographic projections of the final

spin state for positive wedge angles (positive loops) and in Fig. 4.7, bot-

tom, we repeat the same trajectories in reverse to enclose negative wedge

angles (negative loops). Fitting all these projections to a global model

consisting of a fixed dynamic phase, we determine that the acquired phase

indeed matches the expected relation of the Berry phase to the wedge

angle (Eq. 4.1). The amplitude of the oscillations in the X and Y projec-

tions, defined as the visibility, acts as a measure of the percentage of loops

where adiabaticity is preserved. This visibility is reduced from unity as any

non-adiabatic transition during the interaction nullifies the intended Berry

phase for a given cycle. In Fig. 4.7, the visibility is limited to ∼ 22%,

which is lower than the final dark state magnitude of 65% (in Fig. 4.4)
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Figure 4.7: Optically accumulated Berry phase Resulting X and Y projections

of the accumulated phase for a positive (top) and negative (bottom) loop. Projections

fit to X± = A cos (η ± γB(Φ)) and Y± = A sin (η ± γB(Φ)) where A is the visibility and

γB(Φ) = −Φ. Errors are approximately the size of the points.

as non-adiabatic transitions that nullify the Berry phase can nevertheless

repopulate the dark state through absorption and decay. Unlike previous

microwave demonstrations of Berry phase [91, 97, 101], the visibility of our

Berry phase does not depend on the particular phase enclosed.

To confirm that the origin of the phase is purely geometric, we verify

that the total acquired phase is additive when multiple loops are completed.

For instance, when positive or negative loops are repeated (C++ /C−−), the

net phase accumulation is proportional to the number of loops (Figs. 4.8,

top and 4.9). Similarly, when we perform a positive loop followed directly
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Figure 4.8: Double and cancelled accumulation of Berry phase (top) Resulting

X and Y projections of the accumulated phase for a positive-positive loop. (bottom)

ResultingX and Y projections of the accumulated phase for a positive-negative loop. All

projections are fit to a model with common fit parameters: X++ = A cos (η + γB(2Φ)),

Y++ = A sin (η + γB(2Φ)), X+− = A cos (η + γB(0)), and Y+− = A sin (η + γB(0))

where A is an amplitude, γB(2Φ) = −2Φ, and γB(0) = 0. Errors are approximately the

size of the points.

by a negative loop (C+−), the geometric phase is completely cancelled,

leaving only the fixed dynamic phase (Fig. 4.8, bottom). The visibility

decreases for multiple loop repetitions due to additional absorption over

the increased interaction time.
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Figure 4.9: Additive nature of Berry phase Measured Berry phase when multiple
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loop followed by a negative loop of Φ (C+−) indicates full cancellation of the Berry

phase. The solid lines are guides to the eye (γB = NΦ for N = −3,−2, , 3). Errors are

approximately the size of the points.

4.3.2 Origin of the dynamic phase

In addition to the Berry phase, the total phase measured also consists of

a fixed dynamic contribution, η, that is sensitive to the traversal time and

energetics of the interaction. During STIRAP, η results from an optical

Stark effect [42] that shifts the energy of the dark state relative to the state

|0g〉, altering the spin’s precession in the experimental rotating frame. At

two-photon resonance where δ = 0, the dark state does not couple to the
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Figure 4.10: Dynamic phase resulting from the optical Stark effect The

dark state energy shift, Ση, as a function of the two photon-detuning, δ, for a STI-

RAP interaction of maximum optical Rabi frequency, ΩR = 31 MHz. This energy shift

multiplied by the traversal time τ determines the total dynamic phase accumulation.

The inset displays the ratio of Ση/δ as a function of ΩR. The dashed line indicates the

expected behavior of Ση/δ = 0.55 for small two-photon detuning. Errors represent 95%

confidence intervals.

light fields and experiences no optical Stark shift; however, it is difficult

to precisely set δ = 0 a priori, and thus η arises from this imprecision.

To determine the effect of η, we measure η and extract the optical Stark

frequency shift, Ση(δ) = 1/(360◦)∂η(τ, δ)/∂τ , isolating where Ση = 0 for

δ = 0 (§C.4.2). In Fig. 4.10 and its inset, we find that Ση scales linearly in

δ, with a slope independent of the optical Rabi frequency, ΩR. Perturbation

theory in small δ reveals that Ση depends only on the ratio of the field

amplitudes Ω−1(t)/Ω+1(t), and yields an expected relation of Ση = 0.55δ

given our pulse shape (Fig. 4.10, inset, dashed line), which matches well to

the experimental result (§C.4.2). Unlike the dynamic phase, which requires
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fine control of δ and τ , the Berry phase has no dependence on either of

these parameters as long as STIRAP remains in the adiabatic regime.

4.4 Limits and robustness of Berry phase

To isolate the effects of adiabaticity and control noise on the Berry phase,

we implement a Hahn echo sequence [97, 101] to cancel the dynamic phase.

We begin with a positive loop that encloses γB,1 = −Φ and accumulates a

total phase ξ1 = γB,1 + η. A microwave π-pulse then flips the sign of the

previously accumulated phase, after which we perform a negative loop that

encloses γB,2 = Φ and accumulates the same dynamic phase η, leading to

an additional accumulation of ξ2 = γB,2 + η. This results in a total phase

accumulation of ξ = −ξ1 + ξ2 = 2Φ with no contribution from the dynamic

phase.

4.4.1 Decoherence and loss of adiabaticity

To understand where this geometric control breaks down, we examine the

visibility of the echoed Berry phase as a function of the traversal time,

τ , and the Rabi frequency, ΩR (Fig. 4.11). For a given ΩR, we find a

sharp decrease in the visibility where adiabaticity is completely lost for

short τ . Likewise, gradual reduction in the visibility for longer τ is due

to decoherence that increases the probability of cycling through |A2〉 for a

given iteration, thus obfuscating the Berry phase. As we increase ΩR to
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64 MHz, we achieve visibilities as high as 51% and adiabatic interaction

times as short as τ ∼ 250 ns. Faster adiabatic evolution is enabled by

increasing ΩR as the energy gap between dark and non-dark states expands.

Modelling of these general trends using our four-state master equation

approach is presented in §C.1.2. This geometric control with STIRAP

represents a 100-fold speedup over the previous atomic demonstration [102].
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Figure 4.11: Berry phase visibility as a function of traversal time The visibility

of the Berry phase, γB , as a function of traversal time, τ , for different ΩR. A sharp

turn-on for small τ indicates the adiabatic limit, while the gradual decrease in visibility

for longer τ is due to accumulated excitation to |A2〉. Errors are smaller than the point

size.

4.4.2 Resilience of the Berry phase to noise

Furthermore, as the Berry phase arises from global geometric properties

of the state evolution, it offers a degree of robustness to noises that act

locally on the trajectory. To investigate, we introduce simulated noise
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Figure 4.12: Types of simulated noise Illustration of δθ (left) and δφ (right) noise

on Bloch sphere. δθ noise is parallel to the path and does not affect the enclosed solid

angle, while δφ noise is perpendicular to the path and affects the enclosed solid angle.

onto the input parameters controlling the polar θ(t) and azimuthal φ(t)

angles for our loops. The two types of noise, δφ(t), acting perpendicular

to the ideal path, and δθ(t), acting parallel to the ideal path, physically

correspond to fluctuations in the relative phase and amplitude, respectively,

of the two laser fields controlling STIRAP (Fig. 4.12). We measure the

standard deviation σγB of the distribution of Berry phases realized from 250

unique instances of noisy paths [91]. The noises conform to an Ornstein-

Uhlenbeck process with a Lorentzian frequency bandwidth ∆ν = 3 MHz

and a Gaussian distribution of amplitudes with standard deviation si (i =

θ, φ). In Fig. 4.13a, we plot the distributions (including broadening by

photon collection statistics) arising from a noise amplitude of sφ = 8◦ for

ideal loops enclosing four disparate Berry phase angles. Likewise, in Fig.

4.13b, we plot the distributions arising from loops of the same intended
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γB but with a noise amplitude of sθ = 8◦. We find these distributions

remain constant regardless of the intended Berry phase. This feature is

conducive to practical protocols, as the sensitivity to noise fluctuations

does not depend on the given Φ (§C.5.3), unlike other approaches [91, 97]

where larger Berry phases are more susceptible to noise. This arises from

the path-length preserving nature of our trajectories that are conveniently

accessed by STIRAP.
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Figure 4.13: Berry phase distributions for different intended phases a) An-

gular distributions (broadened by photon collection statistics) of measured Berry phases

for a specific noise amplitude, sφ = 8◦, with intended phases: γB,echo = 90◦ (red), 157◦

(green), 225◦ (blue), and 333◦ (purple), plotted on the equatorial slice of Bloch sphere

(left) and binned into histograms with bin size of 6 (right). Projections are normalized

by zero-noise case. b) Angular distributions of measured Berry phases for specific noise

amplitude, sθ = 8◦. Yellow circle, for a) and b), indicates the 95% confidence interval

of photon collection shot noise about the intended γB . The width of the distributions

is independent of the intended Berry phase.

In Fig. 4.14, we examine the impact of increasing the amplitude of the
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Figure 4.14: Effect of noise amplitude on Berry phase distributions Shot-noise

broadened angular distributions of γB = 225◦ for both δθ and δφ noise at noise ampli-

tudes si = 4◦ (blue) and 22◦ (red). Dashed circle indicates mean visibility, 〈
√
X2 + Y 2〉,

of the distribution for si = 4◦ (blue) and 22◦ (red). The smaller magnitude of the visi-

bility indicates fewer adiabatic loops are preserved.

two different types of noise. Consistent with the expectation that parallel

noise does not change the enclosed solid angle, the Berry phase remains

minimally dephased for increased δθ noise. However, larger noise ampli-

tudes in δθ reduce the visibility as fewer adiabatic loops are preserved due

to non-adiabatic changes introduced by the noise. In the case of perpendic-

ular noise, δφ, which modifies the enclosed solid angle, we see an enhanced

effect on the distribution of Berry phases. Assuming the dark state adi-

abatically follows the noisy path, we derive an analytic relationship [90]

between the variance in the Berry phase and the noise amplitude sφ for
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our specific trajectory (§C.5.3),

σ2
γB =

s2
φ

2

(
1− e−2π∆ντ

(1 + (∆ν)2)2
+

π∆ντ

1 + (∆ν)2

)
. (4.2)

This variance has no dependence on the wedge angle Φ, but only depends

on the product ∆ντ , a measure of the number of noise oscillations per

cycle. The same derivation predicts insensitivity to sθ to first order. The

intrinsic σγB can be estimated from the shot-noised broadened standard de-

viations σ̂γB,echo by subtracting the estimated photon collection shot noise

contribution in quadrature and dividing by two to account for the two loops

traversed in the echo measurement (§C.5.2). In Fig. 4.15a, we confirm that

σγB is strongly robust to δθ noise, while its dependence on δφ noise matches

well to the expected result σγB = 0.64sφ from Eq. 4.2 (solid line) using

the experimental parameters ∆ν = 3 MHz and τ = 1200 ns. In contrast to

dynamic phase, adiabatic geometric phase becomes increasingly robust to

noise as the traversal time increases, as can be seen in σ2
γB →

πs2φ
2∆ντ

in the

limit of ∆ν � 1. In Fig. 4.15b, we display the estimated σγB as a function

the STIRAP traversal time τ for measurements at ∆ν = 3 MHz and con-

stant noise amplitude sφ = 14◦. These measurements clearly demonstrate

the predicted σγB ∼ τ−1/2 scaling that is the hallmark of noise resiliency

for geometric phases.

94



0 20 40 60 80
0

20

40

s
i
, Noise Amplitude (°)

σ γ
B 

(°
)

 

 
 
 

 i = θ
 i = φ

τ = 1.2 µs

a

0 2 4 6
0

5

10

15

τ (µs)

σ γ B (°
)

sφ = 14°b

Figure 4.15: Relationship of the applied noise to the Berry phase distri-

butions a) Estimated standard deviation, σγB , of intrinsic distributions vs. noise

amplitude si for both δθ (blue) and δφ (red). Grey shaded region is 95% confidence

interval on the experimental slope. b) Estimated σγB showing a τ−1/2 decrease as the

STIRAP traversal time, τ , increases for a constant noise amplitude sφ = 14◦. Errors in

a) and b) represent 95% confidence intervals. Indigo lines in a) and b) are the predicted

behavior for σγB using experimental parameters and Eq. 4.2 of the main text.

4.5 Conclusions and discussion

We demonstrate an all-optical approach to accumulate Berry phase in a

solid-state system that enables independent, geometric manipulatation of

individual qubits with diffraction-limited spatial resolution. Using the |A2〉

Λ system of the NV center in diamond, we control the adiabatic passage of

a dark state, understand the mechanisms that limit the successful enclosure

of Berry phase, and characterize the nature of its robustness to noise. Due

to imperfect initialization and loss mechanisms, the experimental Berry

phase visibilities peak at 51%, corresponding to an estimated peak state
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fidelity of 73%; this fidelity could be improved in a more isolated Λ system

allowing for higher optical driving powers (§C.1.4 and §C.1.5). Exten-

sions to this technique could be realized by harnessing other solid-state Λ

systems, such as in the silicon-vacancy (SiV) in diamond [106, 107] with

its strong zero-phonon line emission, important for photonic applications

[108]. Alternatively, adding another optical field to actively control the

third ground state level (e.g. the reference level |0g〉) in a solid-state tri-

pod system provides an avenue for an all-optical set of universal geometric

single qubit gates [93, 102, 103, 104]. The prevalence of Λ and tripod

energy structures make these techniques extendable to a variety of solid-

state qubits, including color centers [106, 107, 32, 109, 110], transition

metal [111] or rare-earth ions [22, 112], and quantum dots [113], existing

in materials [114] promising for a broad range of photonic technologies.

4.6 Methods

4.6.1 Experimental setup

The experiments in this work use an electronic grade diamond substrate

purchased from Element Six, measuring 2× 2× 0.5 mm. All NV centers

present in the sample were naturally formed during the growth process. We

lithographically patterned Ti:Au (10 nm Ti, 100 nm Au) short-terminated

waveguides on the surface to provide on-chip microwave control of the NV

centers. The sample is thermally sunk inside a liquid helium flow cryostat
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held at 8 K. The short-terminated waveguide is wirebonded to a microwave

line within the cryostat and connected to the signal generators via a coaxial

port. The cryostat serves as the sample chamber for a confocal microscopy

setup designed to study individual NV centers. The NV center studied had

a natural optical linewidth of ≈ 100 MHz with an orbital strain splitting

around 7.4 GHz. An applied external magnetic field of 117 G splits | − 1g〉

and | + 1g〉 by 655 MHz, and the combination of the natural strain and

applied magnetic field split the |A2〉 and |A1〉 excited states by ≈ 2.9 GHz.

The confocal microscopy setup consists of a 532 nm laser to re-ionize

the NV− charge state and initialize to the mS = 0 spin state, a tunable

637 nm laser tuned to the |0g〉 → |EY 〉 transition for readout of the spin

state [38], and second tunable 637 nm laser fiber coupled to an electro-optic

modulator tuned to the |A2〉 transition for the STIRAP interaction. The

electro-optic modulator is driven by a signal generator tuned to 655 MHz,

the splitting of | − 1g〉 and |+ 1g〉, creating sidebands on the laser to drive

the Λ transitions. All lasers are controlled using acousto-optic modulators

for nanosecond timescale pulsing. All three lasers pass through individ-

ual polarization optics, and are combined using beamsplitters and dichroic

mirrors. The combined beam is eventually focused onto the sample using a

0.85 NA 100× objective that is aberration-corrected for the cryostat win-

dow. The red-shifted phonon sideband of the NV center’s PL is spectrally

filtered through a series of dichroic mirrors and bandpass filters and then
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counted in a silicon avalanche photodiode. Those counts are binned via

a series of logic switches, and then summed by either a time-correlated

counting card (Fig. 4.4b) or a data acquisition card (all other figures).

In addition to the 655 MHz applied to the EOM, additional microwave

frequencies are needed for characterization. For the Berry phase mea-

surements (Figs. 4.7 - 4.15), a second signal generator provides on-chip

microwaves tuned to 2.550 GHz, the splitting of the ground state |0g〉 and

| − 1g〉 levels. However, for the STIRAP path evaluation measurements

(Figs. 4.3 - 4.5), three colors of microwaves are required. In this case,

the second signal generator provides microwaves tuned to 3.205 GHz, the

splitting of |0g〉 and | + 1g〉, while a frequency mixer combines the two

initial frequencies to provide the third frequency, 2.550 GHz, the |0g〉 /

| − 1g〉 splitting. To phase-control the microwaves, we use the internal IQ

modulation functionality of both signal generators. All timing and pulse

sequences (§C.3.2, §C.4.1, and §C.5.1) are controlled with a 1 GS/s arbi-

trary waveform generator.
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4.6.2 Theoretical methods

The rotating frame Hamiltonian describing the Λ system and optical fields

within the NV center level structure is:

H(t) =
h

2



0 0 0 0

0 0 0 Ω−1(t)

0 0 2δ Ω+1(t)eiφ(t)

0 Ω−1(t) Ω+1e
−iφ(t) 2∆


, (4.3)

where the matrix representation is given in the basis {|0g〉, | − 1g〉, | +

1g〉, |A2〉}. The master equation in Lindblad form is given by:

ρ̇(t) = −i[H(t), ρ(t)] +
∑
k

(
Lkρ(t)L†k −

1

2
L†kLkρ(t)− 1

2
ρ(t)L†kLk

)
. (4.4)

where Lk denote the Lindblad operators descriping dissipative processes.

These include experimentally estimated relaxation times from |A2〉 to |−1g〉

of ≈ 31 ns, |A2〉 to |+ 1g〉 of ≈ 24 ns, |A2〉 to the reference state |0g〉 of ≈

104 ns, an orbital dephasing rate of 7 ns [34], and a fitted phenomenological

spin dephasing rate of 2.25 µs. The optical fields in the simulation are

described by ΩR = 31 MHz and ∆ = 60 MHz. See §C.1 and §C.2.2 for

more details.

4.6.3 Berry phase

The dark state in our system is:

|D〉 = cos

(
θ(t)

2

)
|−1g〉 − sin

(
θ(t)

2

)
eiφ(t) |+1g〉 (4.5)

99



where θ(t) = 2 arctan(Ω−1(t)
Ω+1(t)

) and φ(t) is the phase relation between the

driving fields. The total Berry phase accumulation over an adiabatic tra-

jectory of a dark state is given by [104],

γB = i

∫ Rf

Ri

〈D|∇R̄|D〉 · dR̄ (4.6)

where the vector R̄ =
(
θ
φ

)
describes the surface of the Bloch sphere.

Substituting our dark state, the Berry phase simplifies to:

γB = −
∮

sin2

(
θ(t)

2

)
dφ (4.7)

where the integral is taken over the closed loop on the Bloch sphere. To

determine the accumulation from our specific path, non-zero contributions

to the integral only occur where the phase shift occurs, ∆φ = Φ at the

| + 1g〉 pole, θ = 180◦, and ∆φ = −Φ at the | − 1g〉 pole, θ = 0◦. From

this, we determine a Berry phase of:

γB = −Φ (4.8)
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Chapter 5

Ultrafast optical probe of

orbital and spin dynamics in

the NV center

The following chapter is adapted from previously published work [34], and

was largely the brainchild of Lee Bassett and F. Joseph Heremans. David

Christle and I assisted in some experimental endeavors and analysis, and

Guido Burkard provided the theoretical modelling. Further details can be

found in the supplementary material to Ref. [34] online and F. J. Here-

mans’ thesis [57]. These details are not reproduced in this thesis due to

length considerations.

5.1 Ultrafast optical technique

Using the negatively charged diamond NV center as a model, we introduce

a technique to probe the intrinsic structure of optically active spin systems
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Figure 5.1: NV center optical transitions a) Schematic of the NV center’s orbital

and spin fine structure (B< 100 G). b) Spin sublevels in |L〉 calculated as a function of

magnetic field applied along the NV-center’s symmetry axis.

and control their dynamics using ultrafast optical pulses. Our scheme

complements previous demonstrations of all-optical NV-center spin con-

trol using off-resonant laser fields [42, 55], but enables faster control by

using picosecond optical pulses of light to resonantly excite the NV center.

By combining time-domain control of these fast excitations with quantum

tomography of the ground state (GS) spin, we demonstrate arbitrary, all-

optical, coherent spin rotations and develop a technique to precisely map

the excited state (ES) Hamiltonian, HES, through the coherent evolution

it produces.

The spin-triplet/orbital-singlet GS of a negatively-charged diamond NV

center is connected to a spin-triplet/orbital-doublet ES by dipole-allowed

optical transitions that can be excited either resonantly (637 nm) or non-

resonantly (≈ 500− 630 nm). Crystal strain breaks the ES orbital de-
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generacy, yielding two separated orbital branches (|L〉 and |U〉)1 that are

connected to the GS (|G〉) through orthogonal linear-polarization optical

selection rules (Fig. 5.1a). Over multiple cool downs, we measured strain

splittings between |L〉 and |U〉 in the range ≈ 10− 20 GHz. While phe-

nomenological models successfully describe the NV center’s overall elec-

tronic structure [27, 28], previous estimates of the parameters in the ES

Hamiltonian HES based on spectroscopic measurements [33, 64] have lim-

ited precision (Table 5.1), and dynamical effects related to phonons, hy-

perfine coupling, and the ISC still lack a complete description.

We use a home-built confocal microscope to isolate single NV centers

in an electronic-grade, synthetic diamond (ElementSix) that was irradi-

ated with 2 MeV electrons (1014 cm
−2

) and annealed. A solid immersion

lens milled using a focused ion beam [115] enhances the optical collection

and excitation efficiencies, and nearby metal gates radiate microwave mag-

netic fields (Fig. 5.2). A frequency-doubled optical parametric oscillator

pumped by a mode-locked Ti:Sapphire laser generates sub-picosecond opti-

cal pulses, a tunable diode laser (∼ 637 nm) enables resonant spin readout

[38] and frequency-domain spectroscopy, and a 532 nm diode laser provides

photoluminescence (PL) imaging and stabilizes the NV-center charge state

[116].

1For the purposes of this chapter, the orbital branches |EY 〉 and |EX〉 are referred

to as |L〉 and |U〉 for “lower” and “upper.”
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20 µm

5 µm

microwaves10 µm

Figure 5.2: Solid immersion lens in diamond Optical micrograph (right) of our

device consisting of metal surface gates used to generate microwave magnetic fields

surrounding a solid immersion lens (SIL) milled from the diamond using a focused ion

beam. Lower left: scanning electron micrograph of the SIL before gate fabrication.

Upper left: Scanning confocal photoluminescence (PL) micrograph. The single NV

center studied in this work is marked by a diamond.

We use ultrafast optical pulses to manipulate the NV center’s orbital

state in much the same way that microwave pulses rotate the GS spin.

They affect only the orbital state directly, being effectively instantaneous

from the perspective of the spin while preserving the spin coherence [117].

By tuning the polarization of the optical field, we can couple |G〉 to either

ES orbital eigenstate, |L〉 or |U〉, or to a coherent superposition of the two

[Supplemental of Ref. [34]]. We collect the PL in the red-shifted phonon

side band (650-750 nm), which is proportional to the probability that the

NV center was optically excited by a given operation. Figure 5.3 shows the
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Figure 5.3: Optical excitation probability Spontaneous PL decay amplitude, and

corresponding optical excitation probability of the NV center as a function of the power

of a single ultrafast pulse (squares), and numerical simulations (16) using the measured

pulse characteristics (red curve). Approximate settings used to probe orbital and spin

coherence are marked by arrows.

measured excitation probability for individual pulses, PEx, as a function

of the pulse energy, corrected for ionization effects (conversion of NV−1 to

NV0) that occur at higher pulse powers [Supplemental of Ref. [34]]. The

excitation from |G〉 to the ES exhibits a coherent adiabatic passage behav-

ior, manifested by saturation at PEx=1 at high powers, due to frequency

chirp introduced by dispersive elements in the optical path. Numerical

simulations of the orbital dynamics using the optical pulse waveform re-

constructed through a nonlinear interferometric technique [118] confirm

the observed power dependence [Supplemental of Ref. [34]].
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5.2 Probing excited state orbital dynamics

In analogy with microwave spin resonance techniques, we probe orbital co-

herence using a two-pulse (Ramsey) scheme (Fig. 5.4a), where each pulse

is tuned to excite the NV center with PEx ≈ 0.5. A Mach-Zehnder inter-

ferometer splits each laser pulse into two identical copies, with a variable

time delay set by an optical delay line in one leg [Supplemental of Ref.

[34]]. The combination of a motorized stage for coarse positioning with a

fine-control piezoelectric-mounted mirror provides variable delays between

0− 4 ns with sub-femtosecond precision, enabling the study of orbital co-

herence with timescales spanning six orders of magnitude.

Figure 5.4b shows sweeps of the femtosecond-scale relative delay (∆τ)

at two settings of absolute delay (τ) marked in Fig. 5.4c. The final excita-

tion probability oscillates with a period of λ/c = 2.1 fs, where λ = 637 nm

and c is the speed of light, reflecting the quantum coherence between the

GS and ES orbitals. With the polarization tuned to couple |G〉 to a su-

perposition of |L〉 and |U〉, we create a superposition state composed of

all three orbital levels, and observe collapses and revivals in the Ramsey

amplitude on picosecond scales indicative of coherent evolution within the

ES orbital doublet manifold (Fig. 5.4c). These measurements are similar

to quantum-beat spectroscopy techniques [119] used to probe ES molecular

structure in gases, liquids, and solids.
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Figure 5.4: Orbital coherence measurements a) Schematic of optical pulse se-

quence used to probe orbital coherence. b) Optical excitation probability versus fs-scale

relative delay (∆τ) at the two points of absolute delay (τ) marked in c), with sinusoidal

fits of the form y0 + Asin(ω∆τ + φ), where ω/2π = 470 THz is the optical frequency

at 637 nm. c) Coherence envelopes from sinusoidal fits to individual ∆τ scans as in

c), when the excitation polarization couples equally to |L〉 and |U〉. Rectangles show

the sinusoid extrema (y0 ±A), and blue points denote the offset y0. Oscillations reflect

coherent evolution within the ES orbital doublet. d) Coherence amplitude versus τ ,

extending the data in c) to nanosecond timescales (orange points), together with a cor-

responding measurement (inset) with the excitation polarization coupling only to |L〉

(green points). In both c) and d), solid curves show fits to functions described in (16).
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Over nanosecond timescales (Fig. 5.4d), this approach enables orbital-

selective, time-domain measurements of orbital dephasing and decoher-

ence effects such as spectral diffusion and the dynamic Jahn-Teller effect

[35]. For example, we measure different orbital dephasing times, Torbital =

7.1± 0.3 ns and 5.8± 0.4 ns for a two-component state,α|G〉 + β|L〉, and

a three-component state,α|G〉 + β(|L〉 + |U〉), respectively [Supplemental

of Ref. [34]], where α and β are complex amplitudes. This difference is

not fully understood and needs to be explored further. The demonstra-

tion of time-domain orbital control also suggests extensions to multi-pulse

dynamical decoupling sequences, potentially to improve the coherence of

emitted photons to link distant NV centers [46].

5.3 Excited state spin dynamics for qubit

control

The ability to coherently manipulate the NV center’s orbital state on pi-

cosecond timescales provides new opportunities to control its electronic

spin. Due to interactions (e.g., spin-orbit, spin-spin, strain) that depend

on the electron’s orbital wave function, the spin eigenstates of HES differ

from those in the GS. Because the eigenstates set the basis for free evo-

lution, ultrafast pulses can serve as gates to control the spin dynamics by

coherently driving the system into different orbitals and abruptly chang-

ing the spin Hamiltonian. By fixing the length of time the spin evolves
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within the ES manifold, we can produce a controlled spin rotation without

microwaves.

5.3.1 Time domain quantum tomography

To demonstrate this effect, we first consider a qubit constructed from

the GS subspace {|G, 0〉, |G,+1〉}, optically excited to the ES subspace

{|L, 0〉, |L,+1〉} for a short duration via optical pulses with polarization

Ĥ. Here, |ε,ms〉 denotes the ms ∈ {0,+1,−1} spin sublevel in the ε ∈

{G,L, U} orbital branch. Due to an ES level avoided crossing, or anti-

crossing, between |L, 0〉 and |L,+1〉 mediated by the spin-spin interaction

(Fig. 5.1b), the ES spin eigenstates vary dramatically as a function of ax-

ial magnetic field, changing from “GS-like” SZ eigenstates{|0〉,| + 1〉} far

from the anticrossing to equal superposition states of |0〉 and |+ 1〉 at the

center of the crossing. In a Bloch sphere representation of the qubit, the

ES basis makes an angle θES relative to the GS basis (Z axis), defining the

rotation axis for coherent evolution in the ES. We probe the ES dynamics

by performing time-dependent quantum tomography (TDQT) on the GS

qubit as a function of the delay between two ultrafast pulses that excite

and subsequently de-excite the NV center. Using microwave spin resonance

pulses that maintain a constant (unspecified) phase relationship with the

timing of the ultrafast pulses [Supplemental of Ref. [34]], we successively

initialize the GS qubit, drive it to the ES for variable time, τ , and then
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Figure 5.5: Time domain quantum tomography TDQT of the |ms〉 = {|0〉, |1〉}

GS qubit subspace as a function of the delay between two optical pulses coupling |G〉

to |L〉 near the anticrossing at B=110 G. Each panel shows the final 〈X〉, 〈Y 〉, and 〈Z〉

projections (orange, blue, and green points, respectively) for a different initial state |0〉

along with fits to our analytical qubit model as corresponding curves.

project it in one of three orthogonal axes on the Bloch sphere.

Figure 5.5 contains a few examples of TDQT measurements recorded

at B = 110G, near the center of the anticrossing, where we expect θES ≈

π/2. Indeed, the projection 〈Z〉 oscillates at a frequency ≈ 260 MHz,

in agreement with the minimum frequency separation observed in opti-

cal frequency-domain spectroscopy (Fig. 5.6a). The fast oscillations ob-

served in 〈X〉 and 〈Y 〉 result from phase accumulation relative to the ro-

tating frame of the microwave carrier resonant with the GS frequency at

fGS = 3.18 GHz. These data are quantitatively described by an analytic

model based on a master-equation approach [Supplemental of Ref. [34]]

that includes coherent ES spin evolution at frequency fES about a tilted
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Figure 5.6: Tuning through the anticrossing a) Frequency-domain excitation

spectroscopy versus B (same axis as c), showing the anticrossing between |L, 0〉 and

|L,+〉 around 110 G. b) Best-fit ES free evolution precession frequency (fES) and

polar angle (θES) from measurements at varied B. c) Best-fit decoherence rates (1, 2)

corresponding to population (T1-type, orange triangles) and coherence (T2-type, blue

squares) relaxation in the ES, respectively. Uncertainties in b) and c) are similar to the

symbol sizes.

axis with polar (azimuthal) angle θES (φES) together with decoherence ef-

fects due to incomplete optical inversion, spontaneous photon emission, the

ISC, and both longitudinal (T1-type) and transverse (T2-type) relaxation

processes in the ES, with rates Γi = 1/Ti. Best-fit curves are plotted with

the corresponding data in Fig. 5.5.

5.3.2 Variable axis spin rotations

The best-fit parameters (fES,θES) and (Γ1,Γ2) from a global fit to eleven

sets of TDQT data at different magnetic field values are shown in Figs.

5.6b and 5.6c, respectively. Within each set, φES (not shown) depends
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Figure 5.7: Unwound spin trajectories Best-fit trajectories in the lab-frame qubit

Bloch sphere corresponding to TDQT measurements at different magnetic field values.

The yellow axis in each plot shows the orientation of the ES eigenvectors relative to the

GS, and θES is indicated by dotted black lines.

on the unknown relative phase between the microwave carrier and the

timing of the optical pulses. To clarify the dynamics, we “unwind” the

phase accumulation from the GS rotating frame using the best-fit simulated

density matrix, recovering the lab-frame trajectories of the qubit state as

a function of evolution time in the ES. Several lab-frame trajectories are

shown in Fig. 5.7 along with the rotation axes corresponding to the inferred

ES eigenstates.

In principle, universal qubit control is possible with this scheme as long

as θES 6= 0, in which case noncollinear rotation axes can be selected by

varying φES via the timing of optical pulse pairs. At the center of the anti-

crossing the available rotation axes span the Bloch-sphere equator, enabling

arbitrary single-qubit operations using a single pair of pulses. Here, the an-

ticrossing coupling strength of 260 MHz generates an equatorial π-rotation

in only 1.9 ns, approaching the fastest operation times demonstrated for
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NV centers with microwave spin-resonance techniques [120]. The process

fidelity [121] of this equatorial π rotation is 0.59, while the fidelity of a π

rotation about a nearly polar axis at B = 400G (requiring only 160 ps in

the GS rotating frame) is 0.77 [Supplemental of Ref. [34]]. The fidelities

are limited by dephasing in the ES, the inter-system crossing, spontaneous

photon emission, and incomplete optical inversion (PEx ≈ 0.9 in our TDQT

experiments). Given complete inversion, we calculate improved fidelities

of 0.69 (equatorial) and 0.92 (polar), and further improvements should be

possible by tuning fES and θES through external magnetic, electric [45] or

strain [33] fields. In principle, a tradeoff exists between direct excitation of

the ES, which enables faster control, and off-resonant techniques [42, 55],

which reduce sensitivity to ES dissipation mechanisms, but in practice, the

reported fidelities are remarkably similar in both cases.

5.4 Mapping the excited state Hamiltonian

Besides demonstrating all-optical spin control, the technique presented in

Fig. 5.7 provides a powerful approach to characterize the optically excited

states of systems like the diamond NV center - namely, the ability to di-

rectly map HES, in this case specified by (fES, θES, φES), through TDQT

measurements. In addition to HES, the time-domain approach also pro-

vides detailed information about dissipative dynamics typically obscured

in frequency-domain spectroscopy, such as the decoherence rates Γ1 and
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Γ2, which point to interactions with additional degrees of freedom. For

example, the apparent increase in Γ1 at low B in Fig. 5.6c actually results

from coherent mixing with the third triplet state, |L,−1〉, outside our qubit

model.

We can extend the TDQT technique to the full spin-triplet Hilbert space

in order to map HES completely. Using phase-locked multicolor microwaves

to address both the |G, 0〉 ↔ |G,−1〉 and |G, 0〉 ↔ |G,+1〉 transitions, we

perform state tomography on the final spin triplet for a selection of pre-

pared inputs states. Figure 5.8 shows a few example TDQT traces, detail-

ing the evolution of the spin populations {|0〉, |+1〉, |−1〉} for an initial state

|G,+1〉 that is excited to |L〉 or |U〉, respectively, at B = 110G. By fitting

these data to a numerical model, we extract the symmetry-allowed reduced

matrix elements of HES, including intrinsic spin-spin/spin-orbit terms and

perturbations due to external electric, strain, and magnetic fields [27, 28].

The model also includes spectral diffusion and phonon relaxation within

the ES orbitals, ES spin dephasing, and a detailed description of the ISC,

each parameterized by corresponding rates. The global fit to 54 TDQT

time traces contains 31 free parameters, all of which are well constrained

by the data. A full discussion of this model and fit can be found in the

Supplemental of Ref. [34].
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5.4.1 Extracting Hamiltonian parameters

Table 5.1 provides best-fit values for several intrinsic parameters in HES

together with previous estimates based on frequency-domain spectroscopy

[33, 64]. We find general agreement and improved precision, particularly

for the spin-spin parameter ∆2, whose value is confounded in frequency-

domain measurements by strain perturbations. In contrast to frequency-

domain techniques, TDQT distinguishes individual contributions from both

intrinsic (spin-orbit/spin-spin) and external perturbations by their phases

and amplitudes throughout HES. Essentially, we directly probe the ES

eigenstates as well as the eigenvalues and can therefore fully map HES

without varying any external fields. Furthermore, TDQT yields quanti-

tative information about dissipative effects; for example, we resolve the

ISC decay rates of individual ES basis states from other dephasing and

decoherence processes.

Table 5.1: Excited state Hamiltonian parameters Intrinsic parameters of HES

inferred from fitting our numerical model to TDQT measurements and comparisons with

values from previous frequency-domain measurements. See appendices for parameter

definitions.

Parameter Best-fit value Literature value Ref.

Axial Spin-orbit (λ) 5.33± 0.03 GHz 5.3 GHz [33]

Axial “ZZ” spin-spin (DES) 1.44± 0.02 GHz 1.42 GHz [33]

“XY” spin-spin (∆1) 1.541± 0.005 GHz 1.55 GHz [33]

“XZ” spin-spin (∆2) 154± 13 MHz 200 MHz [64]

Axial Landé g-factor (g
‖
ES) 2.15± 0.04 N/A N/A
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Figure 5.8: Mapping the excited state Hamiltonian a) Evolution of the GS spin

initialized in |G,+1〉 and coupled to the |L〉 orbital branch by a pair of ultrafast pulses.

Lower panel: measurements of the GS populations in {|0〉, |+ 1〉, | − 1〉} (blue, orange,

and green points, respectively) as a function of the delay of the second pulse. Curves

of corresponding colors result from a global fit to 54 different initialization/projection

pairs, of which these three are a subset. Upper panel: Bloch spheres showing the best-

fit lab-frame trajectories in three qubit subspaces. b) Same as a) but with the optical

pulses coupling |G〉 to |U〉. All measurements were at B=110 G, near the anticrossing

between the product states |L, 0〉 and |L,+1〉.

5.4.2 Spin triplet evolution

To visualize the spin evolution in triplet space, we use a set of Bloch spheres

that span three qubit subspaces as shown in Fig. 5.8. As before, the best-

fit trajectories are “unwound” from their corresponding rotating frames to

reveal the ES dynamics in the lab frame. Due to spin-orbit effects, the spin

evolution in |L〉 and |U〉 proceeds in different bases. The anticrossing in |L〉

drives oscillations between |L, 0〉 and |L,+1〉, while the states |U,+1〉 and

|U,−1〉 are strongly mixed by spin-spin interactions. By direct extension of

the qubit-control scheme developed above, this enables all-optical coherent
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control spanning the full GS triplet, through the control of both the timings

and polarizations of optical pulses.

5.5 Outlook

An alternative to the optical approaches presented in Chapters 3 and 4,

this technique could similarly be used to address spins individually in spin

arrays [83] or large-scale photonic networks [122]. By engineering appropri-

ate orbital-dependent coupling between defects through, for example, opti-

cal, electrical, or mechanical interactions, the scheme could be extended to

multi-qubit entangling gates, similar to ultrafast gate proposals for trapped

ions [123, 124] and superconducting qubits [125]. Likewise, the TDQT tech-

nique can be applied to a broad range of atomic, molecular, and solid-state

quantum systems, offering a powerful tool to characterize and control both

new and established systems for future quantum technologies.
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Chapter 6

Conclusion

In conclusion, we have demonstrated several approaches to couple and

control individual solid-state spins using light. These demonstrations fa-

cilitate the development of a solid-state photonic network of qubits. In

a photonic network of solid-state qubits, the photons act as flying qubits

transferring quantum information from one stationary node, the NV cen-

ter spin, to another. As such, harnessing and understanding the quantum

optical interface between the spin and the light lays the foundation for the

development of quantum repeaters and photonic networks of spins.

6.1 Linking spins with light

To begin, we demonstrated the ability to shift NV center optical transi-

tions through the application of electric fields providing the opportunity to

tune two separate NV center’s transitions to degeneracy (Chapter 2). This

experiment also revealed the surprising role that charge traps, such as sub-
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stitutional nitrogens, play rectifying electric fields within the sample under

photoexcitation. This procedure to tune NV center orbital transitions has

been utilized in a number of other recent experiments linking NV center

spins with light. One approach demonstrated dynamical stabilization and

locking of NV center transitions on the timescale of several minutes [126].

Likewise, the ability to tune separate NV center optical transitions to de-

generacy is a crucial element to interfere indistinguishable photons from

separate NV centers’ zero-phonon lines [43, 44]. The interference of indis-

tinguishable photons from separate NV centers aided in the demonstration

of heralded entanglement of two NV center spins separated by three meters

[46], and furthermore, the teleportation of the electronic spin state of one

NV center to the nuclear spin state of a distant NV center [47]. Such de-

velopments have been at the forefront of quantum information science over

the past couple years, and show promise for the development of a quantum

repeater and network.

6.2 Controlling spins with light

In addition to these developments aimed at the linking of NV centers

through light, we have demonstrated several approaches to controlling the

NV center electronic spin entirely with light. Typically, the NV center spin
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is controlled through a combination of off-resonant optical1 and microwave

techniques to initialize, rotate, and read out the spin state. A fully optical

approach obviates the use of microwaves and provides a smaller footprint

of control, localized to a diffraction limit laser spot. With this smaller

control field, individual qubits can be addressed within a photonic network

[50] or spin array [83] without mutual interference of other qubits.

In this thesis, I described three different approaches to optical control.

Two of the methods involve a Λ energy configuration and its resulting

eigenstate, the dark state (Chapters 3 and 4), while the third approach de-

rives control from the excited state dynamics (Chapter 5). The Λ system

protocols develop and exploit the ability of the light fields to ‘program’

a particular dark state anywhere on the surface of the Bloch sphere. In

Ch. 3, we demonstrated the ability to dictate any dark state basis of our

choosing, leading to the ability to initialize, rotate, and readout within

that basis. As a generalizable approach, elements of this technique have

been extended and applied to other solid-state systems recently. Initializa-

tion into a coherent dark state through coherent population trapping has

also been seen in individual silicon-vacancy centers in diamond [106, 107],

ensembles of divacancies in silicon carbide [127], and a single cerium ion

in yttrium aluminum garnet [112]. An extension of full Bloch sphere con-

1That is exploiting the spin-dependent polarization that results from cycling through

the intersystem crossing.
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trol of the dark state superposition was recently realized to demonstrate

entangled absorption of a photon with the resulting NV center spin state

[41]. In addition, readout along a bright/dark basis was recently performed

in quantum dots [113]. Furthermore, the regime between stimulated Ra-

man transitions (SRT) and stimulated Raman adiabatic passage (STIRAP)

was recently explored in an NV center [23]. As a Λ system is a relatively

abundant energy structure that can be found in a number of solid-state

systems, these optical techniques provide a general approach to exploring

qubit control in the solid state.

In Ch. 4, we demonstrated the adiabatic passage of a dark state (STI-

RAP) to accumulate a geometric phase, or Berry phase. As geometric

phases rely only on the path in parameter space, and not on the energetics

or time of the interaction, they offer a degree of robustness to noise that

make them promising for fault-tolerant quantum information processing.

As such, the Berry phases that we measure in the NV center may lead to

the development of optical geometric gates in the solid state. Once again,

these protocols, much like those in Ch. 3, rely only on the existence of a

Λ system, and could be implemented in a wide array of potential systems.

One potential extension of this demonstration is the addition of a third

optical field to control another ground state, defined as a tripod system.

This allows for geometric phases to accumulate not only between one level

and a reference level (i.e. a Z-rotation on the Bloch sphere), but now be-
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tween any chosen dark state and its complimentary bright state (i.e. any

arbitrary axis on the Bloch sphere) [103, 104].

In Ch. 5, we demonstrated an alternative approach to optical control

that exploited dynamics within the excited state manifold of the NV cen-

ter. This approach not only demonstrated the ability to arbitrarily rotate

the spin based on the eigenbasis of the excited state, but also provided

an approach to probe the excited-state Hamiltonian through time-domain

spectroscopy. This technique could be used to both characterize potential

qubit systems, and aid in the development of techniques to control them.

6.3 Future directions

While these demonstrations have all been performed on one particular

solid-state qubit, the NV center in diamond, they are not limited to just

this one species of qubit. Relying on generalizable approaches, these optical

control protocols anticipate future directions utilizing qubits perhaps more

suited to photonic applications than the NV center. These include the

negatively charged silicon-vacancy center in diamond, a spin-1/2 center

whose emission is far more confined to its zero-phonon line (∼ 80%) than

the NV center (∼ 3%) [128, 129]. As such, it has recently been used

in demonstrations of coherent population trapping [106, 107], coupling to

photonic crystals [108], and interference of indistinguishable photons [130].

Looking beyond diamond reveals a wide array of defects that may be
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admirable qubits. Using the negatively charged NV center as a model, in

combination with density functional theory, a series of criteria have been

identified to find similar defects in other materials [29]. The divacancy in

silicon carbide is one such defect as it is similar in structure to the NV

center in diamond and can be coherently controlled [30]. As silicon car-

bide exists in many different forms, or polytypes, the divacancy can exhibit

different characteristics based upon its particular host polytype including

the ability to exist at inequivalent lattice sites within the same crystal

allowing for coupling between inequivalent ensembles [31]. Ensembles of

these divacancies can be electrically driven [131], mechanically tuned [132],

coherently prepared through CPT [127], and coupled to photonic crys-

tals [133]. Recently, individual instances of divacancies have been isolated

and coherently controlled exhibiting millisecond-long coherence times [32],

opening up a wide array of possibilities for their use as qubits. Likewise,

another defect in silicon carbide, the silicon-vacancy center, has similarly

been isolated [109]. Another promising material for defects similar to the

NV center is zinc oxide, in which single defects have also been identified

[110].

Transition metal and rare-earth ions represent another pathway to de-

veloping single solid-state qubits for photonic networks. In particular, a

variety of rare-earth ions in crystals have been used to demonstrate a num-

ber of important protocols for quantum information processing. Nuclear
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spins of europium ions in yttrium orthosilicate exhibit coherence times as

long as six hours [134], while entanglement between a photon and an atomic

excitation of neodymium in yttrium orthosilicate has been demonstrated

[135]. Additionally, as mentioned above, CPT has been used to prepare a

dark state superposition of the spin sublevels within an individual cerium

ion in yttrium aluminum garnet [112]. Transition metals in crystals simi-

larly are an enticing route, which along with rare-earth ions, may represent

the existence of coherently addressable Λ systems in ambient conditions.

In particular, coherent population trapping has been observed at room

temperature in chromium ions in ruby [111].

Myriad possibilities abound to study light-matter interactions in crystal

defects. As such, accessing this quantum optical interface to control a

wide array of potential defect-based qubits anticipates a bright future for

quantum information processing.
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Appendix A

Confocal microscopy

A.1 Confocality and NV center excitation

To study NV centers, as well as other point defects in semiconductors,

we use home-built laser scanning confocal microscopes. The advantage to

confocal microscopy over conventional microscopy is the ability to isolate

a much narrower focal plane than is found in a standard microscopy setup.

This prevents any light (fluorescence, photoluminescence, etc.) from deeper

or shallower planes from impacting the focal plane of interest by the addi-

tion of background light. To accomplish this, a “pinhole” is placed at the

focus of the collection lens eliminating out of focus images. In our case,

the pinhole is a narrow-core fiber that carries the NV center photolumines-

cence (PL) to a silicon avalanche photodiode (APD), which converts photon

counts into voltage pulses. These pulses are then binned and counted by

either a National Instruments Data Acquisition Card (DAQ), or a FAST
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ComTec P7889 multiple event time digitizer.

Collection Path (650 - 830 nm)

Resonant Excitation (637 nm)

O�-Resonant Excitation (532 nm) Dichroic
Re�ect 550 nm and below
Transmit 550 nm and above

Dichroic
Re�ect 650 nm and below
Transmit 650 nm and above

Fast-Steering Mirror
(FSM)

Figure A.1: Combining the excitation paths via dichroic mirrors A schematic

of how the two excitation paths are combined through a series of dichroic mirrors.

The resonant excitation (637 nm) is introduced into the combined excitation path by

a dichroic that reflects 650 nm and below. The off-resonant excitation (532 nm) joins

the combined path with another dichroic that reflects 550 nm and below. After the

combined excitation excites the NV center, the photoluminescence from the NV center

travels back through the combined path and the portion of the NV red-shifted phonon

sideband above 650 nm passes through both dichroic mirrors and into the collection

path.

In our experimental setups, we excite the NV center using both off-

resonant 532 nm (green) laser light, as well as a 637 nm (red) laser tunable

across the NV center optical transitions. The NV center then emits PL
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in both its zero-phonon line (ZPL) and the red-shifted phonon-broadened

sideband from 637− 800 nm. In order to separate the excitation wave-

lengths and the PL wavelengths, we use a series of dichroic mirrors. These

mirrors transmit the PL of interest, while reflecting the excitation. To

introduce the 637 nm resonant laser path, we first use a dichroic that re-

flects wavelengths lower than 650 nm, and passes wavelengths higher. We

then use a second dichroic to combine the 532 nm excitation path with the

resonant path, which passes wavelengths higher than 550 nm, and reflects

those lower, allowing the green and red to be collinear when exciting the

NV center, as seen in Fig. A.1.

A.2 Imaging the Diamond

The collinear path is then reflected off of a Newport fast-steering mirror

(FSM), which introduces angular deflections into the path. These angular

deflections are used to scan the surface of the sample, in order to generate a

2D plot at a certain depth within the diamond sample. However, to do so,

these angular deflections need to remain on the back of the objective. We

introduce an imaging pair of lenses between the fast-steering mirror and

the back of the objective. Without this imaging pair between the FSM and

the objective, small angular deflections result in large lateral deflections of

the beam over any appreciable distance. Instead, the imaging pair creates

an image of the FSM on the back of the objective (and vice versa, an image

127



of the back of the objective on the FSM). This allows for the small angular

deflections to result in very small lateral shifts (∼ 200 nm) of the beam

when focused onto the sample by a 100x objective. By rastering the beam

across the sample, we extract an image of the surface.

FSM

Objective

Image Lens

Image Lens

Figure A.2: The imaging path A schematic of the imaging lens to image the

back of the objective on the fast-steering mirror, allowing for angular deflections of the

mirror, and excitation path, to correspond to very small (∼ 200 nm) on the surface of

the diamond.

The imaging pair is separated by the sum of their focal lengths. If their

foci, fi are matched such that f1 = f2 = f , this corresponds a separation

of 2f , while the distance between the FSM and the objective should be

4f , in order for the FSM and objective to image one another. A matched

imaging pair can then be placed anywhere between the FSM and objective.
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However, in the case of a non-matched pair, which is used to magnify the

images, the placement of the imaging pair between the FSM is less trivial,

requiring consideration of the ray optics. Note that this imaging pair should

be achromatic, allowing for not only the excitation frequencies (532 nm and

637 nm), but also the NV center fluorescence (650− 800 nm) to focus at

similar points. The imaging path in the current version of the setup is

shown in Fig. A.2.

The resulting PL from the NV center travels back through the path

described, but now passes through the dichroics, only passing the PL that

is 650 nm or longer in wavelength, and into the collection path. This means

that we collect a significant portion of the phonon sideband emission, but

not the ZPL, as we already excite along that transition for our resonant

optical studies1. Here, the PL is focused through the collection lens into a

narrow core fiber ( 25− 62 µm), and measured by the APD.

The placement of the collection lens is sensitive, and if misplaced, can

either cause collection of additional emission outside of the intended confo-

cal plane, or overall reduced emission from the plane of interest. Typically,

the lens is positioned on a motorized stage, and its position is set to opti-

mize the signal-to-noise ratio of the PL from an individual NV center, such

1If we wanted to collect the ZPL, we would have to cross-polarize the resonant

excitation with the collected ZPL. The dichroic would be replaced with a polarizing

beam splitter, and additional polarization optics would be needed to fully extinguish

any excitation light leaking into the collection path.
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that the light from the proper focal plane is focused into the fiber. This

lens also should be an achromatic doublet to prevent different frequencies

of light having different focal lengths.
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Figure A.3: A constellation of NV centers in an electronic grade diamond

sample A rastered image of the surface of an electronic grade diamond sample. The

bright spots correspond to PL emitted by individual NV centers. The PL spot circled

in red is from the NV center used in Ch. 4

As we raster the FSM across the surface, and measure the resulting

photoluminescence, we end up with plot similar to the one shown in Fig.

A.4. This scan is from the diamond sample used in the Berry phase work.

The bright spots correspond to the photoluminescence from a variety of

individual NV centers roughly 5 µm below the surface. Circled in red is
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the NV center used in the Berry phase work.
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Appendix B

Supporting data for Chapter 3

B.1 Experimental details

A schematic of our confocal setup is provided in Fig. B.1 that incorporates

a continuous wave (CW) green diode laser (532 nm), two CW tuneable

red (637 nm) diode lasers with optional sideband wavelengths generated

via electro-optic phase modulators (EOMs), NV center photoluminescence

(PL) collection (650− 800 nm) via an avalanche photodiode, and on-chip

microwave electron spin resonance techniques (ESR) all gatable in time.

All timing sequences used were programmed into an arbitrary waveform

generator and are described later in this Appendix.

While the effects presented in Ch. 3 were observed in multiple NV

centers, care was taken to select an NV center that had several desirable

properties. We chose an NV center with a reasonable T ∗2 time (∼1 µs)

due to the finite duration of the CPT/SRT/DBP pulses. Because the
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energy separation between |Re1〉 and |Le1〉 Λ systems was quite small

(δe1/h = 0.18 GHz), it was desirable to choose an NV center with a narrow

inhomogeneously-broadened optical linewidth (0.05 GHz FWHM for the

NV center presented). We also chose an NV center that had a transverse

strain splitting which varied between 4.6 GHz and 5.8 GHz as measured

between the two orbital ms = 0 spin sublevels. The variations in this NV

center’s strain occurred between cooldowns due to thermal cycling of the

cryostat. The strain was in a range which allowed us to produce an avoided
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IQ: Microwave IQ Phase Modulator
AOM: Acousto-optic Modulator
EOM: Electro-optic Phase Modulator
APD: Avalance Photodiode
MVA: Microwave Variable Attenuator (mixer)
OVA: Optical Variable Attenuator
PL: Photoluminescence (532 nm excitation)
CPT: Coherent Population Trapping
SRT: Stimulated Raman Transitions
DBP: Dark/Bright-state Projection

0e2 Readout
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Figure B.1: Schematic of experimental setup Diagram detailing the optical

excitation paths and photon collection path along with the microwave electronics, timing

electronics, cryostat, and magnetic field as described in Methods. A PL scan of the

region 6 µm below diamond surface, where the NV centre investigated is located (within

the smoke-colored triangle). A short-terminated on-chip waveguide wire used to apply

microwave ESR pulses for ground state spin manipulation is visible in the lower left.

Deposited metallic pads on the right and top of the image are for applying dc voltages

to the sample to affect the orbital splitting of NV center if necessary, but were not used

in the present experiment.
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level crossing (anticrossing) in the lower excited state orbital branch be-

tween the ms = 0 and ms = +1 spin sublevels with the application of

an external magnetic field along the N-V axis, (550 − 750 Gauss). The

resulting ground state spin splitting at these magnetic fields was relatively

high (δGS/h = 4.3− 5 GHz) allowing for the EOM sidebands to be widely

spaced, meaning the unused laser harmonics generated by the EOM were

far from any NV center resonances.

It is also possible to generate an anticrossing in the upper excited state

orbital branch but the resulting anticrossed eigenstates are much closer to-

gether in energy, making it prohibitively difficult to couple to an individual

resonance. Off-axis magnetic fields could be used to increase the splitting

between anticrossed levels, but they would also reduce the spin-selectivity

of the intersystem crossing (ISC) used for comparison to the CPT-based

readout.

In order to fully control the phase and amplitude of the CPT laser

system, we adjust properties of the microwaves driving the EOM. To adjust

the dynamic phase between the two used light fields, we control the phase

of the ωmw microwaves driving the EOM with an IQ modulator, which

moves the dark state azimuthally about the rotating-frame Bloch sphere.

We adjust the relative amplitude of the two used laser driving fields by

varying the microwave power driving the EOM using a mixer, allowing us

to adjust the polar position of the dark state on the Bloch sphere. While
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the relative amplitude of the two resonant optical fields adjusts as expected,

the summed amplitude of the two Λ-resonant sidebands also changes. This

is because the EOM splits light at ωL into several harmonics (of which we

only select two) separated by ωmw, with amplitudes of the harmonics being

a function of the amplitude of EOM microwave driving power in the form of

a Bessel function. To correct for this, we use an optical variable attenuator

to compensate for this overall amplitude variance to within an order of

magnitude in an attempt to keep Ω (Fig. 3.1) fixed. In addition, the

overall frequency of the tunable laser, ωL, would drift with respect to the

Λ transitions, and due to the small separation in the anticrossing between

|Re1〉 and |Le1〉, δe1/h = 0.18 GHz, we needed to occasionally recenter the

laser frequency to the appropriate tuning on the order of every 10 minutes

with 0.02 GHz laser frequency resolution.

B.2 Quantum state tomography of

arbitrary initialization and rotation

In order to analyze our initialization and control protocols, we performed

Bayesian quantum state tomography to characterize the various process

output states and compute the corresponding fidelities found in Ch. 3. This

approach allows for an accurate statistical inversion of repeated projective

measurements that are subject to both stochastic and systematic error. In

contrast to maximum likelihood estimation, this approach always yields
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both point estimates and corresponding error bars that are physical for

states near the boundaries of the allowed state space; moreover, it relaxes

the assumption of asymptotic normality, achieving consistent estimates in

the face of a finite number of measurements [85].

Traditional
Initialization

CPT Initialization
or SRT Rotation

0e2 Readout

Microwave ESR

Preparation
Pulse

QST
Pulse

readout

CPT/SRT

532 nm Laser

Tunable 637 nm Laser
470 THz with 
~4.6 GHz sidebands 

Tunable 637 nm Laser

~4.6 GHz

Figure B.2: Pulse sequence for arbitrary initialization and rotation The above

pulse sequence was used for the data presented in Figs. 3.3, 3.4, 3.5, 3.6, 3.7, and 3.11.

All experiments investigating these protocols consisted of ∼106 iterations of this pulse

sequence to achieve a sufficient signal-to-noise ratio.

To individually study CPT or SRT, the NV center spin state is first

prepared using non-resonant 532 nm laser light to both mitigate photoion-

ization and polarize the NV center ground state spin into ms = 0 via ISC

decay with roughly 75-80% fidelity [39, 136]. The state is then prepared

on various places of the Bloch sphere with an ESR “preparation pulse”

before either a CPT or SRT red laser pulse polarizes or rotates the spin,

respectively. After the red laser, an additional ESR “QST” pulse is ap-

plied to rotate the X, Y, or Z spin projection onto the |0g〉/|+1g〉 readout

measurement basis, phase-synced with the microwaves driving the EOM.
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The timing of this QST pulse is chosen to coincide with the constructive

rephasing of the three 14N hyperfine Larmor frequencies, corresponding to

a delay of 450 ns. Alternatively, a π-pulse can be added before the QST

pulse to induce an echo of the spin coherence rather than use this rephas-

ing. Finally, the spin state is read out along this basis by measuring PL

intensity during a single-color red laser resonant with the |0g〉/|0e2〉 cycling

optical transition [38].

As a normalization, the state is more fully initialized into |0g〉 (or |+

1g〉) after 532 nm excitation by subjecting the spin to 637 nm laser light

for 1 µs resonant with the opposite |+1g〉 (or |0g〉) spin state and one of

the Λ systems. This scheme depletes the aforementioned optically-driven

sublevel in the ground state and populates its counterpart |0g〉 (or |+1g〉).

The readout contrast, C, between the |0g〉 and |+1g〉 sublevels increases

from about 62% from ISC spin polarization alone to about 84% after this

purification. Because none of the CPT (or SRT) interactions appeared in

practice to polarize the state beyond this level, this purified contrast serves

as a consistent normalization for each state reconstruction and fidelity.

To begin our analysis, in terms of the density matrix, ρ̂, the expecta-
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tions are

〈X〉 = Tr
(
σzUY−π2

ρ̂U †Y−π2

)
〈Y〉 = Tr

(
σzUXπ

2
ρU †Xπ

2

)
〈Z〉 = Tr (σzρ) ,

while the expected fluorescence levels (in photon counts) are defined by

the resonant laser normalizations,

〈F〈X〉〉 = F|0g〉
(

1− C
2

)
+ F|0g〉

C
2
〈X〉

〈F〈Y〉〉 = F|0g〉
(

1− C
2

)
+ F|0g〉

C
2
〈Y〉

〈F〈Z〉〉 = F|0g〉
(

1− C
2

)
+ F|0g〉

C
2
〈Z〉.

We treat each of the data, Dk, as subject to normal error σk from

the model prediction 〈F 〉k whose other parameters (F|0g〉, C, and those

described below) are contained in a vector X such that

prob (D|ρ̂, σk,X) =
∏
k

1√
2πσk

exp

(
−(Dk − 〈F 〉k)2

2σ2
k

)
. (B.1)

Because of shot noise, the lower limit to σk is about
√
〈F 〉k but due to

both the drift of the laser and stage mechanics, σk was about a factor of

two to five larger in practice. To capture this uncertainty in the expected

mismatch, we set

prob (σk|σk) =
2σk√
πσ2

k

exp

(
−σ

2
k

σ2
k

)
, (B.2)

so that we marginalize each σk around a region of order σk, expressing

that σk should be on the order of, but not necessarily equal to, σk; this
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sort of construction makes our estimation statistically robust against data

of unusually large drift (outliers). After performing the integration over all

positive σk, we have that

prob (D|ρ̂, σ̄k,X) =

(
√

2πσk

(
1 +

(Dk − 〈F 〉k)2

2σ2
k

))−1

. (B.3)

In our analysis, we set σ̄k = 2
√
〈F 〉k. This likelihood is also used for

normalization parameters F|0g〉 and C in the posterior probability density

to infer them simultaneously with the axial projections and systematic

errors.

In addition to the random noise of the experiment, the microwave pulses

used to rotate the X and Y components to the Z axis for readout suffer

from small systematic errors in their relative phase, which creates an offset

from the proper rotation axis, and also in their duration, which creates an

offset from the proper rotation length. The unitary operators above thus

deviate from the ideal case and can be redefined, following Dobrovitski et

al. [137], by

UXπ
2

= exp
(
−i (~nX ·~σ)

(π
2

+ 2φ
))

UY−π2
= exp

(
−i (~nY ·~σ)

(
−π

2
+ 2θ

))
,

where ~nX = (1, εy, εz) /
(
1 + ε2y + ε2z

)1/2
, ~nY = (vx, 1, vz) / (1 + v2

x + v2
z)

1/2
,

and ~σ is a vector composed of the Pauli matrices. Here, the ε and v terms

are the axial offsets and φ and θ are the length offsets, all of which are

measured in units of angle. From calibration of the IQ modulator and

139



the discrete nature of the delay generator that governs the length of the

pulses, we estimate that these factors are at most 5◦ in angular error and

somewhat conservatively set the prior densities for each of these terms as

a normal density of mean zero and standard deviation of 5◦. The effect

of this correction is most noticeable from the fact that the X and Y axis

projection estimates almost always have larger uncertainties than the Z

axis estimate.

Lastly, we use the non-informative reference prior [138] for the density

matrix,

prob (ρ̂) = 0.00513299
(
1− r2

)−1/2
(

log

[
(1− r)
(1 + r)

])2

sin θ, (B.4)

where r and θ are the standard spherical coordinates for the Bloch vector

used to parameterize ρ̂. As expected, given the large quantity of data

collected, the choice of prior had no discernable effect on our inferences.

To obtain the marginal densities used for the point estimates and er-

ror bars of the projections and fidelities found in the main text, we use

MT−DREAMZS, a Markov Chain Monte Carlo technique, to sample from

the 11-dimensional posterior probability density [139]. This technique uses

multiple random walk chains of a multiple-try Metropolis-Hastings rule

[140] applied to an adaptive proposal distribution generated from past

samples to generate new samples in accordance with the posterior prob-

ability density. We found the chains to have fast convergence and good

mixing properties, and the corresponding sampler output to have low au-
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tocorrelation using four independent chains and a multiple-try parameter

of seven. The fidelities for experimental data are obtained by calculating

the fidelity between the Bloch vectors from the random walk sampler and

an ideal vector of unit length pointing along the same axis as the corre-

sponding random walk sample. In this way, the fidelity is computed with

respect to a perfect rotation of the state generated from the resonant laser

pumping scheme described above. The point estimates of the projections

and fidelities are the mean of the respective marginal densities while the

error bars are the highest posterior density 68.2% credible intervals [141].

In Figs. B.3, B.4, and B.5, we present the corresponding X, Y, and Z

projections for the rotating-frame Bloch spheres describing arbitrary ini-

tialization via CPT presented in Ch. 3, as well as some additional sets of

projections and Bloch spheres not presented. As described in Ch. 3, all

of these qubit Bloch spheres are within the ωmw = δGS/~ rotating frame.

This is because our standard qubit states |0g〉 and |+1g〉 are separated in

energy by δGS, and so each spin state precesses at the Larmor precession

frequency of δGS/~. By reading out the X, Y, and Z projections with ESR

pulses phase-matched relative to the same ωmw = δGS/~ angular frequency,

we capture a snapshot of a fixed point on this rotating-frame sphere. Con-

versely, in a system where the qubit states are not energy split, the Bloch

sphere would not be precessing. A CPT initialization laser pulse length of

200 ns is used for Figs. B.3, B.4, and B.5. In some instances, noted below,
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Figure B.3: Projections for azimuthal initialization of spins The azimuthal

location of the polarized spin state is rotated along the equatorial plane by varying

the relative phase between the two colors. X, Y, and Z projections are plotted on the

left, and reconstructed Bloch spheres are plotted on the right. Top: Prior to the CPT

interaction, the state was |0g〉. Bottom: Prior to the CPT interaction, the state was in

|+1g〉; this data is presented in Fig. 3.6a in Bloch sphere form. Error bars on projections

are the 68.2% highest posterior density credible intervals from the Bayesian analysis.

this is not long enough to fully polarize the spin.

Note that in Fig. B.4, there is an asymmetry between the Z projec-

tion of the dark state near the poles depending on whether the state was

prepared in |0g〉 or |+1g〉. This is partly due to the fact that a longer ini-

tialization pulse would be required to fully move the state to the opposite

pole. In addition, some of this imbalance could also be due to differential

spin coupling of the ISC and its resultant decay before readout occurs.
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Figure B.4: Projections for polar initialization of spins We vary the polar

location of the polarized spin state by varying the relative amplitude between the two

colors. X, Y, and Z projections are plotted on the left, while the same points in a Bloch

sphere representation are plotted on the right. Top: Prior to the CPT interaction, the

state was in |0g〉. Bottom: Prior to the CPT interaction, the state was in |+1g〉; these

data are also presented in Fig. 3.7a in Bloch sphere form. Error bars on projections are

the 68.2% highest posterior density credible intervals from the Bayesian analysis.

This effect can also be seen in the Fig. B.5 data, where we combine phase

and amplitude control of the light fields in order to initialize points along

a great circle rotated π/4 off the equator.

Finally, we should also note that the collection of Bloch sphere repre-

sentations in Ch. 3 and in this Appendix are not all viewed from the same

vantage point, some were rotated to better show the results. However,

within a single figure the angle of view is fixed. One angle of view is used
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Figure B.5: Projections for initialization of spins along an off-axis great

circle Here we vary both the relative amplitude and phase between the two colors to

place the spins at points along a great circle, tilted π/4 off of the equator. Top: Prior

to the CPT interaction, the state was in |0g〉. Bottom: Prior to the CPT interaction,

the state was in |+1g〉, this data is presented in Fig. 3.7b. Error bars on projections

are the 68.2% highest posterior density credible intervals from the Bayesian analysis.

for the Bloch spheres in Fig. 3.4 and Fig. B.6 (understanding the time

dynamics of CPT initialization). A second angle of view is used for the

Bloch spheres in Figs. 3.6, 3.7, B.3, B.4, and B.5 (the ability to arbitrarily

initialize the spin state). A third angle of view is used for the Bloch spheres

in Figs. 3.11, B.7, B.8, and B.9 (the ability to arbitrarily rotate the spin

state).
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B.3 Model of arbitrary initialization and

rotation

The Hamiltonian describing our system (Equation 3.1) is presented below

in matrix form,

H = h



∆L 0 Ω cos(θ/2) Ω cos(θ/2) 0

0 ∆L Ω sin(θ/2)eiφ −Ω sin(θ/2)eiφ 0

Ω cos(θ/2) Ω sin(θ/2)e−iφ 0 0 0

Ω cos(θ/2) −Ω sin(θ/2)e−iφ 0 −δe1/h 0

0 0 0 0 εS/h


(B.5)

where the order of the states in the matrix is: {|+1g〉, |0g〉, |Re1〉, |Le1〉, |S〉},

∆L is the detuning of the laser frequency (ωL/2π) from resonance to the

|Re1〉 Λ system, δe1 is the separation of the excited state levels, Ω is the op-

tical Rabi frequency, φ is the relative phase between the two coherent light

fields, and tan(θ/2) is the relative amplitude between the driving fields.

As such, φ and θ will describe the azimuthal and polar angle, respectively,

of the resultant dark state.

The time evolution of the system is described by the Lindblad master

equation [86, 87],

ρ̇ = i [ρ,H] +
∑
α,α′

Γαα′

(
σα′αρσαα′ −

1

2
σααρ−

1

2
ρσαα

)
≡ Wρ, (B.6)

with Lindblad operators σαα = |α〉〈α| = σ†α′ασα′α and σα′α = σ†αα′ = |α′〉〈α|.
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For n = 5 levels, the density matrix ρ is a Hermitian 5x5 matrix and can

thus be described by n2 = 25 real parameters (n2 − 1 = 24 including

the normalization condition Tr (ρ) = 1). The superoperator W can thus

be viewed as a 25x25 matrix with rank 24. We denote the decay rate

from the excited states (E = L,R) to the ground states (G = 0, 1) with

Γ = ΓEe1,Gg , the rate for inter-system crossing from the excited states to

the singlet Γi = ΓEe1,S, and the inverse intersystem crossing rate from |S〉

to one of the ground state levels as Γ′i = ΓS,Gg . The spin relaxation rate

in the ground state is Γ1 = 1/T1 = Γ+1g ,0g and at sufficiently low tempera-

ture Γ0g ,+1g ≈ 0. The pure dephasing between the two ground state levels

is denoted γ = 1/T2 = Γ0g ,0g . All other rates are set to zero.

The state of the system after optical excitation during time t is obtained

as

ρ(t) = eWtρ(0), (B.7)

where we choose one of the ground states as the initial state, ρ(0) = |0g〉〈0g|

or ρ(0) = |+ 1g〉〈+1g|. We typically determine ρ(t) by performing the

exponentiation Eq. (B.7) numerically. The resulting Bloch vector in the

ground state subspace can be obtained from

b(t) = Tr (σρ(t)) , (B.8)

where the components of σ are the Pauli matrices in the ground-state
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subspace,

σx = |+ 1g〉〈0g|+ |0g〉〈+1g|, (B.9)

σy = i(|+ 1g〉〈0g| − |0g〉〈+1g|), (B.10)

σz = |0g〉〈0g| − |+ 1g〉〈+1g|. (B.11)

In the idealized case Γ1 = γ = Γi = 0, and with only one of the excited

levels included, the stationary state ρ̄ in the long-time limit t � 1/Γ

obtained from ρ̇ = 0 as the eigenvector of W with eigenvalue 0 is the dark

state:

|D〉 = cos(θ/2)|0g〉 ∓ exp(−iφ) sin(θ/2)|+ 1g〉 (B.12)

where the upper (lower) sign holds for the single excited state level being

E = R (E = L). The fidelity of the state after a finite pumping time t with

realistic parameters is then

F (t) = 〈D|ρ(t)|D〉. (B.13)

The experimentally obtained fidelity is shown in Fig. 3.5.

We use this model to simulate the time evolution of the Bloch vector

b(t) during 500 ns of CPT initialization plotted in Figs. 3.3 and 3.4 and

the 200 ns of SRT rotation in Fig. 3.11 (Figs. B.7 - B.9). We fix the ex-

cited state splitting δe1/h = 180 MHz, and Γ′i using the known lower singlet

lifetime of 371 ns [39]. We also fix the rate for both the |Re1〉 and |Le1〉

states into the singlet, Γi, as one half of the known ISC rate of ms = ±1
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Figure B.6: Time dynamics of arbitrary initialization: theory vs. experi-

ment As a function of CPT initialization pulse duration, tomographic reconstructions

of the spin state are plotted alongside a simulation of the resultant state using the

model. Top: Prior to the CPT interaction, the state was |0g〉. Bottom: Prior to the

CPT interaction, the state was in |+ 1g〉. Error bars on projections are the 68.2%

highest posterior density credible intervals from the Bayesian analysis. Parameters to

simulate spin-state initialization are found in Table B.1.

spin states to the singlet of ≈ 74 MHz, since |Re1〉 and |Le1〉 are composed

of equal mixtures of ms = 0 and ms = +1 states. The detuning of the

optical fields relative to |Re1〉, ∆L, is fixed to the experimentally measured

detuning for each operation (CPT initialization, SRT σx rotation, SRT σy

rotation, SRT σz rotation). Using a weighted least squares approach, we

fit the overall driving amplitude, Ω, relative amplitude, tan(θ/2), relative

phase of the driving fields, φ, and the decay rates Γ, Γ1, and γ, described

above. All simulations show qualitative agreement with the experiment,

however certain traces appear to have out-of-phase behavior of individual
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Figure B.7: Time dynamics of arbitrary coherent σX rotation: theory vs.

experiment As a function of the duration of a SRT σX rotation pulse duration, projec-

tions of the resultant spin state are plotted alongside a simulation of the resultant state

using the model. Top: Prior to the SRT interaction, the state was |0g〉. Bottom: Prior

to the SRT interaction, the state was in |+ 1g〉. Error bars on projections are the 68.2%

highest posterior density credible intervals from the Bayesian analysis. Parameters to

simulate the σX rotation are found in Table B.1.

projections, marginal agreement with the initial state, or other disagree-

ments. It appears that the model captures the essential physics but cannot

fully account for certain ill-defined nuances such as the transients during

the turn-on/off of the optical fields and effects related to the hyperfine

spectrum and T ∗2 . Therefore, the fitted values for the decay parameters

are skewed by effects not considered in the model. A full set of fixed and

fit parameters is found in Table B.1.

As mentioned in the main text, it may be possible to rotate about any

arbitrary axis, but there are a few considerations to be made. SRT are

149



-1

0

1
B

lo
ch

 s
ph

er
e

 P
ro

je
ct

io
n

0 50 100 150 200
-1

0

1

B
lo

ch
 s

ph
er

e
 P

ro
je

ct
io

n

Time (ns)

Experiment Simulation

+1g

0g

+1g

0g

“σY” rotation: Tomographic Projections

+1g

0g

Experiment Simulation

Y projection

X projection

Z projection

+1g

0g

Figure B.8: Time dynamics of arbitrary coherent σY rotation: theory vs.

experiment As a function of the duration of a SRT σY rotation pulse duration, projec-

tions of the resultant spin state are plotted alongside a simulation of the resultant state

using the model. Top: Prior to the SRT interaction, the state was |0g〉. Bottom: Prior

to the SRT interaction, the state was in |+1g〉. Error bars on projections are the 68.2%

highest posterior density credible intervals from the Bayesian analysis. Parameters to

simulate the σY rotation are found in Table B.1.

a dispersive interaction whose strength is proportional to 1/∆L, whereas

CPT is an absorptive process whose interaction strength is proportional

to 1/∆2
L. To take advantage of SRT, sufficient detuning is necessary to

diminish absorptive effects that are non-unitary and cause the spin to po-

larize along the dark state rather than rotate. In the case of rotations

about an equatorial axis, we take advantage of the two competing Λ sys-

tems by tuning ωL exactly between |Re1〉 and |Le1〉 resonances. These Λ

systems have opposite equatorial bright states and we detune from both in

opposite directions, essentially causing SRT effects to add constructively
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Figure B.9: Time dynamics of arbitrary coherent σZ rotation: theory vs.

experiment As a function of the duration of a SRT σZ rotation pulse duration, projec-

tions of the resultant spin state are plotted alongside a simulation of the resultant state

using the model. Top: Prior to the SRT interaction, the state was |Xg〉. Bottom: Prior

to the SRT interaction, the state was in | − Xg〉. Error bars on projections are the 68.2%

highest posterior density credible intervals from the Bayesian analysis. Parameters to

simulate the σZ rotation are found in Table B.1.

and the CPT effects to add destructively. In order to rotate about an axis

off of the equator, care must be taken to couple more strongly to one of

the Λ systems than the other because their corresponding bright states

are no longer orthogonal, as the bright states for each Λ system will have

orthogonal azimuthal phases but the same polar component. As discussed

above, a more widely spaced anticrossing to decrease the competition be-

tween the two upper states would aid in ensuring unitary non-equatorial

axial rotations. The special case of rotation about the polar axis, which we

demonstrate in Fig. 3.11b, was also shown in Buckley et al.[11, 42] but not
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Table B.1: Driven Λ system simulation parameters Simulation parameters for

CPT initialization, σX, σY, and σZ. In the case of CPT initialization, σX, and σY, the

initial state parameters state A refers to |0g〉 and state B refers to |+1g〉. For σZ, state

A corresponds to |Xg〉 and state B corresponds to |−Xg〉.

Param. CPT init. σX σY σZ

Fixed Level δe1/h 180 MHz 180 MHz 180 MHz 180 MHz

Parameters ∆L −0.684 MHz −90 MHz −90 MHz −450 MHz

Optical Ω 46.507 MHz 62.021 MHz 62.756 MHz 84.104 MHz

Driving Field θ 1.708 rad 4.774 rad 1.763 rad π rad

Parameters φ 0.395 rad 4.152 rad 2.683 rad 0.424 rad

Decay Γ 35.114 MHz 17.115 MHz 19.719 MHz 0

Parameters Γi 37 MHz 37 MHz 37 MHz 37 MHz

Γ′i 2.701 MHz 2.701 MHz 2.701 MHz 2.701 MHz

Γ1 0.373 MHz 0 0 0

γ 0 0 0 28.459 MHz

Initial State rA 0.640 0.839 0.852 0.602

Parameters θA 0.164 rad 0.327 rad 0.347 rad 1.844 rad

φA 2.526 rad 4.705 rad 2.850 rad 1.471 rad

rB 0.649 0.977 0.752 0.621

θB 2.788 rad 2.325 rad 2.774 rad 1.870 rad

φB 3.122 rad 3.450 rad 3.472 rad 4.425 rad

in the context of a Λ system. In our case, we sufficiently detune ∼450 MHz

from the |Re1〉 such that any effects from CPT are greatly diminished.
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B.4 Sources of decoherence

The closeness in energy of the two anticrossed eigenstates, |Re1〉 and |Le1〉,

causes a loss in fidelity. This is because even when resonantly tuned to

a single eigenstate, there is still off-resonant coupling to the other Λ sys-

tem. As the phases of these two dark states are orthogonal, the overall

length of the vector pointing to the final state within the Bloch sphere is

reduced. The model shows good qualitative agreement to our presented

data, revealing a similarly mixed state as a result of the competing Λ sys-

tems. Therefore, this competition is one of the most significant sources

of decoherence in our measurement. Finding a more widely spaced anti-

crossing would help alleviate this issue by decreasing the coupling to the

other state; within the model, a purer final state (higher fidelity) results

with increasing separation of the two excited states. Experimentally, one

method to achieving more widely spaced anticrossing would be to slightly

misalign the field because off-axis fields will increase the separation in any

anticrossing. However, it should be noted that a misalignment of the field

will also change the eigenstates, possibly producing more transitions from

spin-mixing into the |−1g〉 spin sublevel, which also causes a loss in fidelity.

Further sources of decoherence include the transverse inhomogeneous

spin coherence time T ∗2 ∼1 µs as well as the fact that our spin sublevels

are further split into three nuclear hyperfine states due to the 14N in our
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NV center, with each transition split by ∼2 MHz. Since our measurements

are averages over ∼106 replications of the same experiment, any individual

replication has an equal probability of being in any of the three hyperfine

states, causing our selected ωmw to be ∼±2 MHz detuned from the actual

ground state splitting two thirds of the time. We note that no nuclear

polarization was observed at this excited state anticrossing at cryogenic

temperatures. This hyperfine spectrum and finite T ∗2 effectively set limits

on how long our Λ interaction remains phase coherent with the spin, re-

ducing transverse coherence of the interaction. The resultant steady state

is a balance between the strength of the interaction and these decoherence

mechanisms (along with the other mechanisms mentioned in this section).

As such, an echo sequence would not eliminate these effects while the in-

teraction is taking place, but only during the rest of the measurement

sequence. In addition, as the NV center is a solid-state defect, spectral dif-

fusion causes a broadening of the natural linewidth of the resonances[35],

which will also contribute to a lower fidelity.

Finally, since we are examining a Λ system contained within a more

complex level structure, the spin will end up outside of our qubit subspace

a fraction of the time. First of all, the spin can end up passing through

the long-lived ISC, which is accounted for in the model as a singlet level,

and does manifest as a decoherence mechanism. Secondly, since our qubit

states, |0g〉 and |+1g〉, are a subspace of a spin-triplet ground state, the spin
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Figure B.10: Fidelities of initialization and rotation A, Fidelity of initialization

as a function of pulse duration for an initial state |0g〉 and |+1g〉. B, Process fidelity

of σX rotation compared to a perfect π rotation, as a function of pulse duration for

an initial state |0g〉 and |+1g〉. C, Process fidelity of σY rotation as compared to a

perfect π rotation, as a function of pulse duration for an initial state |0g〉 and |+1g〉.

D, Process fidelity of σZ rotation as compared to a perfect π rotation, as a function of

pulse duration for an initial state |Xg〉 and |−Xg〉. For all process fidelities, we compare

the resultant state, as a function of pulse duration, to a state exactly π out-of-phase

with the initial state about the rotation axis. We renormalize the initial mixed state to

a pure state in order to compute the fidelity loss from the CPT or SRT process alone.
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can transition to |−1g〉 some of the time. This is because, experimentally,

the excited state levels |Re1〉 and |Le1〉 each contain anywhere from 1% to

3% of the excited state spin sublevel |−1e1〉. A spin in the|−1g〉 sublevel

is not resonant with our red lasers and will therefore appear dark. This

suggests that there might be higher fidelities resulting from implementation

of this type of control within a system that lacks decay mechanisms such

an intersystem crossing.

Through our tomographic reconstructions, we are able to determine

that the fidelity of our spin-state initialization saturates at roughly 80%

after 100 ns (Fig. B.10A). The fidelities of a σX or σY π rotation are as

high as 69% if we assume a pure initial state as the initial state instead the

mixed state used in the experiment (Fig. B.10B, C). A σZ π rotation could

have process fidelities as high as 90% (Fig. B.10D), but as the initial states

used for that experiment were of lower fidelity than any other experiment,

this estimation may be rather optimistic.

B.5 Arbitrary spin-state readout

The following pulse sequence was used to perform the DBP readout pro-

tocol.

Our DBP optical spin readout protocol begins with preparation with

non-resonant 532 nm excitation to prepare the state in |0g〉. This is followed

by an on-chip microwave pulse to prepare the spin at various points about
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DBP

Traditional
Initialization

DBP Readout

Microwave ESR

532 nm Laser

~4.6 GHz
Variable Preparation 

Pulse

Tunable 637 nm Laser
470 THz with 
~4.6 GHz sidebands 

Figure B.11: Pulse sequence for arbitrary spin-state readout The above pulse

sequence was used for the data presented in Fig. 3.9. The DBP readout experiments

consisted of 3.75× 106 iterations of this pulse sequence.

the Bloch sphere. In the case of Fig. 3.9a, the pulse corresponds to a π/2

pulse, and its phase is varied to place the spin at various points about the

Bloch sphere equator. In the case of Fig. 3.9b, its pulse duration is varied

to induce Rabi oscillations between the ground state spin sublevels, |0g〉

and |+1g〉, initializing the spin at various points along a meridian. A DBP

pulse of 400 ns is used to read out the spin state and is delayed 450 ns

from the microwave initialization pulse, much like the delay between the

CPT initialization and the ESR π/2 projection pulses for quantum state

tomography of CPT and SRT. Spin readout protocols such as QST could

be performed directly with DBP mitigating the need for ESR; however,

the differing PL contrasts between polar and azimuthal spin readout as a

result of qubit dephasing must be appropriately calibrated out (Fig. 3.9).

To determine the quality of DBP spin readout vs. traditional “green”

spin readout via the ISC, we analyze the signal-to-shot-noise ratio of both

readout methods. Shot noise of counted photons is the primary noise source
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in our data, which is a common feature for these types of experiments with

proper mitigation of any systematic errors such as experimental drift. Each

data point in Fig. 3.9 consists of summed photon counts of n = 3.75× 106

individual spin readouts using a 400 ns DBP pulse. When fit to a sinusoid,

the polar Bloch sphere readout in Fig. 3.9b results in IBZ = 4850 counts

if the spin is in the bright state and IDZ = 1750 counts if the spin is in

the dark state (averaged fit values of |0g〉 and |+1g〉 data). The equatorial

Bloch sphere readout in Fig. 3.9b with reduced contrast primarily due to

dephasing results in IBX = 5380 counts if the spin is in the bright state and

IDX = 3160 counts if the spin is in the dark state (averaged fit values of

|Xg〉 and |−Xg〉 data). To compare to traditional ISC “green” readout, we

will assume reasonable numbers for green readout with our specific confocal

setup: a 400 ns readout window with 20,000 Cts/s for thems = 0 spin state,

and a 30% reduction of counts for ms = ±1 spin states during this window.

For an equivalent averaging time (n = 3.75×106), this corresponds to green

spin readout counts of: IBG = 30,000 and IDG = 21, 000. The number of

spin readouts (Ni) required for the noise standard deviation (
√
n) to be

roughly equal to the full-scale readout contrast is:

Ni =
n/2× (IBi + IDi)

(IBi − IDi)2 (B.14)

the number of individual spin readouts to get a signal-to-noise ratio of unity

for these three readout techniques (Polar DBP (NZ), Azimuthal DBP (NX),

and green ISC (NG) are respectively:
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NZ = 1290, NX = 3250, NG = 1180

Therefore, using these rough numbers, DBP on a polar axis (“spin up” vs.

“spin down”) has a signal-to-noise ratio comparable to green spin up/down

readout, while DBP on a precessing equatorial axis (“spin left” vs. “spin

right”) takes roughly three times as much averaging to get the same signal-

to-noise ratio as the other two techniques.

B.6 All-optical Ramsey measurement

We use the pulse sequence in Fig. B.12 to take the data for the top portion

of Fig. 3.10 and in Fig. B.13.

The Ramsey data plotted in Fig. 3.10 of the main text shows the dif-

ference in measured PL for two orthogonal initial spin projections, ∆PL =

PL(|−Xg〉)− PL(|Xg〉). The difference cancels the contribution to the PL

from the ISC decay in the optical Ramsey measurements (Fig. B.13), and

effectively measures the projection 〈SX〉 of the spin at the end of the free

precession period. In both cases the data is fit to a function of the form

∆PL = A exp

(
− τ 2

2T ∗22

){
C1 cos

[
2π(−∆GS − ωHF/2π)(τ − τ0)

]
+ cos

[
−2π∆GS(τ − τ0)

]
+ C2 cos

[
2π(−∆GS + ωHF/2π)(τ − τ0)

]}
,

(B.15)
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Tunable 637 nm Laser
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~4.6 GHz sidebands 

I

II

III

IV
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Figure B.12: Pulse sequence for arbitrary spin-state readout I. We begin with

a non-resonant 532 nm excitation to prepare the state in |0g〉. II. The state is then

initialized onto the equator with a CPT pulse of length 50 ns, in one of four azimuthal

positions π/2 out-of-phase from one another other. III. The spin state dephases during

free precession, τ , which is varied. IV. The state is then read out with a DBP pulse

of length 50 ns of a fixed phase. The data of two opposite CPT pulse phases were

subtracted and plotted in the top of Fig. 3.10. The EOM microwave detuning, ∆GS ∼

−7.5 MHz, is from the mean qubit precession.

where

∆GS = δGS/h− ωmw/2π, (B.16)

and includes the threefold hyperfine coupling to the 14N nuclear spin with

frequency, ωHF, inhomogeneous dephasing with characteristic time T ∗2 , and

independent amplitudes for the three hyperfine components. The temporal

offset τ0 accounts for the effects of finite-duration initialization and readout

pulses. Best-fit parameter values for the curves plotted in Fig. 3.10 are

provided in Table B.2.
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Figure B.13: Non-subtracted all-optical Ramsey measurement Four different

phases of a time-domain Ramsey experiment were measured and are plotted above. The

overall background is due to the CPT pulse populating the dark ISC, which subsequently

decays over time, making the DBP PL brighter as it gets further away from the CPT

pulse.

Table B.2: Ramsey fit parameters Best-fit parameter values from fits of the model

of Eq. B.15 to the data in Fig. 3.10 of the main text. Uncertainties are standard error.

T ∗2 ∆GS ωHF/2π τ0 A C1 C2

(µs) (MHz) (MHz) (ns) (Cts)

Optical 1.13± 0.05 7.52± 0.01 2.19± 0.01 13± 1 253± 13 1.36± 0.07 0.64± 0.05

ESR 1.01± 0.03 7.34± 0.01 2.20± 0.01 −12± 2 1230± 40 1.16± 0.04 0.68± 0.04
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B.7 All-optical Hahn echo measurement

We use the pulse sequence in Fig. B.14 to take the data in Fig. 3.12.

CPT Init. &
DBP Readout

DBPCPT

SRT

Tunable 637 nm Laser
470 THz with 
~4.6 GHz sidebands 

Tunable 637 nm Laser
470 THz with 
~4.6 GHz sidebands 

I

II

III

IV

V

VI

SRT Rotation

Traditional
Initialization 532 nm Laser

  echo/2τ   echo/2τ

Figure B.14: Pulse sequence for all-optical Hahn echo measurement I. A

532 nm excitation is used to prepare the state into |0g〉. II. The spin is initialized

on the Bloch equator with a CPT pulse (Fig. 3.6a). III. Dephasing of the spin state

occurs during free precession for a delay τecho/2. IV. The spin is then rotated by a SRT

pulse (Fig. 3.11a). V. Rephasing of the spin state occurs during a period of τecho/2.

VI. Finally the spin state is readout along the equator with a DBP pulse (Fig. 3.9),

corresponding to a bright state either in-phase or π out-of-phase with the CPT pulse.

The Hahn precession time, τecho, is varied.

Table B.3: Hahn echo fit parameters Best-fit parameter values from fits of the

model to the data in Fig. 3.12 of the main text. Uncertainties are standard error.

T2 (µs) A (Cts)

Optical 893± 51 538± 29

ESR 909± 30 2991± 99

In Fig. 3.12, the all-optical Hahn echo measurement is plotted on top

of the data set for the ESR-based Hahn echo. We use least squares to fit

the function ∆PL = A exp
(
− (τecho/T2)3) to our data and infer T2 ∼900 µs
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for both measurements. The fitting parameters are provided in Table B.3.
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Appendix C

Supporting data for Chapter 4

C.1 Theoretical model of stimulated

Raman adiabatic passage (STIRAP)

In this section, we present the theoretical model we use to describe the NV

center in a Λ configuration driven by two optical laser fields (Fig. 4.1a).

We numerically solve a quantum master equation and obtain good agree-

ment with the experimental measurements of the dark-state magnitude

(Fig. 4.4a) and the Berry-phase visibility (Fig. 4.11). We calculate the

population of the bright states as well, which gives insight regarding the

decrease in dark-state magnitude. Furthermore, the theoretical model al-

lows us to extract the Berry phase itself.

C.1.1 Hamiltonian

In a properly chosen rotating frame, the Hamiltonian describing the NV

center Λ system and the optical driving fields within the NV center level
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structure is given by

H(t) =
h

2



0 0 0 0

0 0 0 Ω−1(t)

0 0 2δ Ω+1(t)eiφ(t)

0 Ω−1(t) Ω+1e
−iφ(t) 2∆


, (C.1)

where the matrix representation is given in the basis {|0g〉, | − 1g〉, | +

1g〉, |A2〉}. In deriving H(t), the rotating wave approximation has been

applied. In Eq. (C.1), ∆ denotes the detuning from one-photon reso-

nance, δ is the detuning from two-photon resonance, Ωi(t) is the time-varied

Rabi frequency of the laser that drives the optical transition between |ig〉

and |A2〉 (i = ±1), and φ(t) is the relative phase between the two laser

fields. In the further calculations, we use the exact pulse shapes Ωi(t) (see,

e.g., Fig. 4.2b), described in §C.3.1.

C.1.2 Quantum master equation

To model decoherence and relaxation, we use a quantum master equation

that is, in Lindblad form, given by [142]

ρ̇(t) = −i[H(t), ρ(t)]+
∑
k

(
Lkρ(t)L†k −

1

2
L†kLkρ(t)− 1

2
ρ(t)L†kLk

)
. (C.2)

Here, ρ(t) is a 4×4 density matrix describing the system and the Lindblad

operators Lk specify various dissipative processes present in the actual

experiment. In the following, we list all Lindblad operators that are used
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for the numerical evaluation. We note that using the Lindblad formalism

is equivalent to the methods developed in Ref. [143].

To describe relaxation processes from the optically excited state |A2〉 to

the ground-state manifold, we use three Lindblad operators (one for each

ground-state spin level)

L0 =
√

Γ0 |0g〉 〈A2| ,

L−1 =
√

Γ−1 |−1g〉 〈A2| , (C.3)

L+1 =
√

Γ+1 |+1g〉 〈A2| .

The decay rates have been experimentally estimated to be (Γ0)−1 ≈ 104

ns, (Γ−1)−1 ≈ 31 ns, and (Γ+1)−1 ≈ 24 ns (see §C.2.2), assuming a lifetime

of the excited state of (Γ0 + Γ−1 + Γ+1)−1 ≈ 12 ns (Ref. [144]).

Further decoherence comes from spin dephasing in the ground-state

manifold. We use the |0g〉 spin state as reference and describe dephasing

of the other two spin states with the Lindblad operators

Lspin,−1 =
√

Γφ,±1 |−1g〉 〈−1g| , (C.4)

Lspin,+1 =
√

Γφ,±1 |+1g〉 〈+1g| . (C.5)

The decoherence time, Tφ,±1 = (Γφ,±1)−1 = 2.25 µs, is a free parameter

in the model and is intended to simulate the decrease in the Berry phase

visibility for longer traversal times, τ . Such decoherence is due to a num-

ber of factors, including the effects of spin dephasing from nuclear spin
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bath fluctuations and unaccounted driving by additional detuned laser har-

monics generated by the electro-optic modulator (EOM). These non-ideal

processes permit non-adiabatic transitions to occur even while, in princi-

ple, the evolution due to the main driving fields becomes more adiabatic

for increased τ . An expanded model taking into account the effect of the

far-detuned laser harmonics will be found in the published version of this

work.

Additionally, we include orbital dephasing between the NV center ground

and excited state. We assume a dephasing time of Tφ,orb = 7 ns, which has

been measured in Ref. [34]. Although the measurement in Ref. [34] was

for a different spin orbit eigenstate, we use the same value for the orbital

dephasing time between the excited state |A2〉 of our experiments and each

ground state spin level, respectively, in order to minimize the number of

free parameters. The Lindblad operator for this dissipative process is given

by

Lorb =
√

2Γφ,orb = |A2〉 〈A2| , (C.6)

with (Γφ,orb)−1 = Tφ,orb = 7 ns.

C.1.3 Dark state magnitude

To obtain the dark state occupation probability (see Fig. 4.4a), we numer-

ically solve the quantum master equation [Eq. (C.2)] to obtain the density

matrix of the system at each instant of time t, with an initial state that
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accounts for imperfect initialization

ρ(0) = 0.2 |0g〉 〈0g|+ 0.8 |−1g〉 〈−1g|+ 0 |+1g〉 〈+1g| . (C.7)

We define Pauli operators

σx = |−1g〉 〈+1g|+ |+1g〉 〈−1g| ,

σy = −i |−1g〉 〈+1g|+ i |+1g〉 〈−1g| , (C.8)

σz = |−1g〉 〈−1g| − |+1g〉 〈+1g| ,

that act within the {| − 1g〉, | + 1g〉} subspace. The components of the

Bloch vector on the | − 1g〉, |+ 1g〉 Bloch sphere are then defined as

X(t) = Tr[σxρ(t)],

Y (t) = Tr[σyρ(t)], (C.9)

Z(t) = Tr[σzρ(t)].

In Fig. 4.4a, we normalized the magnitude of the Bloch vector to its initial

length, i.e. the plotted value is√
X(t)2 + Y (t)2 + Z(t)2√
X(0)2 + Y (0)2 + Z(0)2

. (C.10)

During the decrease of the dark state magnitude, the Λ system partially

occupies one of the non-dark eigenstates, the bright states, which can be

seen in Fig. C.1 The dark state of the Hamiltonian H(t) in Eq. (C.1) is

given by

|D(t)〉 =
1√

Ω−1(t)2 + Ω+1(t)2

(
Ω+1(t) |−1g〉 − Ω−1(t)eiφ |+1g〉

)
, (C.11)

168



M
ag

ni
tu

de
  

i|ρ
(t)

|i
|D
|B1


|B2


|0

0 200 400 600 800 1000 1200
0

0.2

0.4

0.6

0.8

1

Time (ns)

 

 

Figure C.1: Instantaneous populations of STIRAP eigenstates. Population

〈i|ρ(t)|i〉 of eigenstates |i〉 of Hamiltonian H(t) [Eq. (C.1)]. The dark state |D(t)〉 and

the two bright states |B1(t)〉 and |B2(t)〉 are given in Eqs. (C.11) - (C.13). ∆ = 60 MHz

and ΩR = 31 MHz.

and the two bright states are

|B1(t)〉 ∝ Ω−1(t) |−1g〉+ Ω+1(t)eiφ |+1g〉

+
(

∆−
√

∆2 + Ω−1(t)2 + Ω+1(t)2
)
|A2〉 (C.12)

|B2(t)〉 ∝ Ω−1(t) |−1g〉+ Ω+1(t)eiφ |+1g〉

+
(

∆ +
√

∆2 + Ω−1(t)2 + Ω+1(t)2
)
|A2〉 . (C.13)

C.1.4 Berry phase

For the measurement of the Berry phase, the system is initialized to |0g〉

and a π/2 pulse generates an equal superposition of |0g〉 and | − 1g〉. Im-

perfect initialization is modeled with an initial state

ρ(0) = 0.2 |0g〉 〈0g|+ 0.8 |−1g〉 〈−1g|+ 0 |+1g〉 〈+1g| , (C.14)
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to which a perfect π/2 pulse is applied, and we then solve the master

equation numerically. From the calculations, we can extract the Berry

phase from the argument of the matrix element 〈−1g|ρ(τ)|0g〉, where τ is

the traversal time of the STIRAP loop,

Arg [〈−1g|ρ(τ)|0g〉] = η + γB. (C.15)

Here, η denotes the additionally acquired dynamical phase. To distinguish

between the dynamical and the geometrical phase contributions, we ap-

ply the following procedure. Defining Pauli operators analogously to the

previous case,

τx = |0g〉 〈−1g|+ |−1g〉 〈0g| ,

τy = −i |0g〉 〈−1g|+ i |−1g〉 〈0g| , (C.16)

τz = |0g〉 〈0g| − |−1g〉 〈−1g| ,

we can extract the components of the state on the |0g〉, |−1g〉 Bloch sphere,

X(t) = Tr[τxρ(t)],

Y (t) = Tr[τyρ(t)], (C.17)

Z(t) = Tr[τzρ(t)].

We run the numerical calculation for different wedge angles Φ and fit the

projection X(τ) after the STIRAP loop [Eqs. (C.34) and (C.35)] to

X(τ) = A1 + V1 cos(η1 + γB), (C.18)
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Figure C.2: Predicted Berry phase as a function of Φ. Berry phase as

a function of the enclosed wedge angle Φ for a traversal time of τ = 1200 ns,

Rabi frequency ΩR = 31 MHz, detuning ∆ = 60 MHz, and an initial state ρ(0) =

0.2 |0g〉 〈0g|+ 0.8 |−1g〉 〈−1g|+ 0 |+1g〉 〈+1g|.

where the phase shift due to the dynamical phase η1 is a free parame-

ter. The Berry phase is then obtained by substracting η from Eq. (C.15),

and the result, as a function of the enclosed wedge angle Φ, as shown in

Fig. C.2. The numerical calculations thereby confirm the linear dependence

of Eq. 4.1.

For the visibility of the Berry phase, we start with the same initial state

as in Eq. (C.14), implement the first STIRAP loop, followed by a π pulse

in the |0g〉, |−1g〉 subspace, and eventually apply the second STIRAP loop

enclosing the negative wedge angle. We run the protocol for various wedge

angles, similar to the single STIRAP case, and fit the component X(2τ)

to

X(2τ) = A2 + V2 cos(η2 + 2γB). (C.19)

The visibility is then given by fit parameter V2 and is shown in Fig. C.3
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Figure C.3: Simulated Berry phase visibility. Visibility of the Berry phase γB

[cf. Eq. (C.19)] as a function of the traversal time τ , for different peak Rabi frequencies

ΩR, compared to the experimental data shown in Fig. 4b of the main text. Simula-

tions performed with corresponding values of the optical driving (ΩR) are indicated by

matching colors.

for various traversal times τ and peak Rabi frequencies ΩR (cf. Fig. 4.11).

The dynamic phase, η2, is nominally zero as we actively cancel the dynamic

phase in an echo sequence.

In a Λ system with a more energetically isolated excited state, im-

provements to visibility could be realized. This isolation is measured by

the energy separation to the nearest excited state, νES (2.9 GHz in our sys-

tem), and sets a limit on the Zeeman-tuned separation of the lower levels

of the Λ system, ν−1,+1 (655 MHz in our system). Ideally, ν−1,+1 � νES

such that the stronger lower order harmonics do not drive additional tran-

sitions. This harmonic separation, ν−1,+1, then limits the maximum optical

driving powers, ΩR (64 MHz in our experiment), which would enable faster

adiabatic evolution and minimize the effect of decoherence to improve vis-
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ibility.

C.1.5 State fidelity

In the perfect case, the desired state to reach after the two STIRAP loop

sequence is

|ψ(2τ)〉 =
1√
2

(
|0g〉+ e2iγB |−1g〉

)
, (C.20)

where the dynamical phase is perfectly cancelled. The fidelity F of the

actual state of the system ρ(2τ) towards |ψ(2τ)〉 is

F = 〈ψ(2τ)| ρ(2τ) |ψ(2τ)〉 . (C.21)

The state ρ(2t) can be generally written as

ρ(2τ) = ρ0,0 |0g〉 〈0g|+ρ0,−1 |0g〉 〈−1g|+ρ−1,0 |−1g〉 〈0g|+ρ−1,−1 |−1g〉 〈−1g|

+ . . . , (C.22)

where the time dependence of the matrix elements has been omitted for

clarity. The remaining matrix elements in Eq. (C.22) are not relevant for

the further calculation. The fidelity is the calculated to be

F =
1

2

(
ρ0,0 + ρ−1,−1 + e2iγBρ0,−1 + e−2iγBρ−1,0

)
=

1

2

(
ρ0,0 + ρ−1,−1 + 2Re

[
e2iγBρ0,−1

])
=

1

2

(
ρ0,0 + ρ−1,−1 + 2Re

[
1

2

(
cos(2γB) + i sin(2γB)

)(
X(2τ)− iY (2τ)

)])
=

1

2

(
ρ0,0 + ρ−1,−1 +

(
cos(2γB)X(2τ) + sin(2γB)Y (2τ)

))
=

1

2
(ρ0,0 + ρ−1,−1 + V2) , (C.23)
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where V2 denotes the visibility [cf. Eq. (C.19), the parameter A2 ≈ 0 in

the adiabatic case],

X(2τ) = V2 cos(2γB) (C.24)

Y (2τ) = V2 sin(2γB). (C.25)

C.2 Experimental details: Understanding

the NV excited state

C.2.1 Excited state structure

The NV center in this experiment has an orbital strain splitting that varies

between 6.8 and 7.4 GHz due to thermal cycling of the cryostat. This strain

splits the excited state orbitals |EX〉 and |EY 〉. In addition, we apply an

external 117 G magnetic field to split the ground state |−1g〉 and |+1g〉 spin

sublevels by ν−1,+1 = 655 MHz. This leads to triplet ground state splittings

of ν0,−1 = 2.550 GHz, and ν0,+1 = 3.205 GHz. The strain and magnetic

field conditions described determine the full excited state structure of the

NV center. In Figure C.4a, we plot the transitions between the |0g〉 and

coupled excited states (blue), as well as the transitions between the ground

|−1g〉 state and the coupled excited states (red). These transitions are

determined through a photoluminescence excitation measurement with a

tunable 637 nm narrow-line laser. The |A2〉 excited state is the upper level

of our lambda system, as it couples to both |−1g〉 and |+1g〉, and the strain
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Figure C.4: NV center excited state via PLE. a) Transitions between the ground

state and excited state of the NV center as seen in a photoluminescence excitation (PLE)

measurement for an initial state |0g〉 (blue) and |−1g〉 (red). b) Zoom in of excited state

transitions measured through PLE in the upper branch of the NV center excited state.

The transitions that are pumped in the system are |−1g〉 to |A2〉 and |+1g〉 to |A2〉.

c) PLE measurement with the the non-zero harmonics of the laser swept through the

transitions reveals a convolution between the harmonic structure of the laser and the

excited state structure of the NV center. Certain peaks are highlighted to indicate when

harmonics are driving certain transitions as indicated in d. d) Cartoon of harmonic

configurations that either pump the system emitting light (left and right) or in which

the system already exists in the dark state (center).
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and magnetic fields split the |A2〉 level from the next highest level, |A1〉, by

2.9 GHz. In Figure C.4b, we examine the excited state transitions closest

to the |−1g〉 to |A2〉 transition, which include transitions to |A1〉 and |EX〉.

To generate sidebands on the tunable laser, we use a fiber-coupled

electro-optic modulator (EOM), with harmonics at 655 MHz (ν−1,+1). These

changes are done adiabatically in order to perform our STIRAP interac-

tion. When the zeroth harmonic is extinguished, and we scan the laser

across these various excited state transitions, we can get a snapshot of the

harmonic structure of the laser convolved with the excited state structure,

as seen in Fig. C.4c. Certain peaks are highlighted and a description of

which sidebands correspond to particular transitions within the NV center

level structure is provided in Fig. C.4d.

C.2.2 Branching ratios of |A2〉 excited state

As |A2〉 acts as the excited state of our Λ system, understanding its branch-

ing ratios is important for considering loss mechanisms in our optical Berry

phase process. To do so, we selectively populate either |−1g〉 or |+1g〉 and

pump on its respective transition to |A2〉. As a function of pump time, we

examine the decays into all three ground state spin sublevels (|−1g〉,|0g〉,

|+1g〉), plotted in Fig. C.5.

In each case, for the two spin sublevels not illuminated, the population
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accumulates via |A2〉, and we fit the measured counts, Ni, to

Ni = Aie
−Bit + Ci(i = 0,−1,+1) (C.26)

From the data taken we determine the ratios of the change in the pop-

ulation of the ground state levels, where the change in the population is

defined as ∆Ni = Ni(t→∞)−Ni(t = 0) = Ai:

∆N0

∆N+1

= 0.23 and
∆N0

∆N−1

= 0.3 (C.27)

If we pump on the |−1g〉 state, we assume the change in population of the

other two ground state levels is related to the excited state population via:

dN0

dt
= Γ0NA2 and

dN+1

dt
= Γ+1NA2 (C.28)

It then follows:

∆N0

∆N+1

=
Γ0

Γ+1

(C.29)
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Figure C.5: Spin-dependent decay from |A2〉. Time-resolved populations of

the ground state spin sublevels as a function of optical pump time on a) an optical

transition between |−1g〉 → |A2〉 with an initial state |−1g〉 and on b) an optical

transition between |+1g〉 → |A2〉 with an initial state |+1g〉. The change in populations

determine the branching ratios of |A2〉.
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And likewise for pumping on the |+1g〉 state:

∆N0

∆N−1

=
Γ0

Γ−1

(C.30)

The total decay rate is given by the excited state lifetime:

Γ0 + Γ+1 + Γ−1 = ΓGS =
1

12 ns
(C.31)

Solving this system we obtain the following decay rates into the various

ground state spin sublevels:

Γ+1 =
1

24 ns

Γ−1 =
1

31.2 ns
(C.32)

Γ0 =
1

104.2ns

C.3 Experimental details: STIRAP

C.3.1 Implementing STIRAP

We use STIRAP to adiabatically transport our dark state,

|D〉 = cos

(
θ(t)

2

)
|−1g〉 − sin

(
θ(t)

2

)
eiφ(t)|+1g〉 (C.33)

to enclose the wedge-like slices in the Bloch sphere of |1g〉 and |+1g〉, where

θ(t) ∈ [0, 180◦] and φ(t) ∈ [0, 360◦] denote the polar and azimuthal angles of

this sphere. To implement this procedure in our experiment, we modulate

the microwaves driving an electro-optic modulator in order to change the

relative amplitude and phase of the frequency sidebands on top of a carrier
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frequency generated by a single-mode, narrow line tunable 637 nm laser.

The driving microwaves are tuned to the separation of the |−1g〉 and |+1g〉

levels at ν−1,+1 = 655 MHz. In our case, we use the zeroth harmonic,

or fundamental, to pump the |−1g〉 to |A2〉 transition, and the red-shifted

first harmonic to drive the |+1g〉 to |A2〉 transition. The harmonics of

the electro-optic modulator follow the series of Bessel functions of the first

kind, Jn(x), such that our optical driving fields are defined as,

Ω−1(t) = J0

(
g(t) · r1

)
(C.34)

Ω+1(t)e−iφ0(t) = J1

(
g(t) · r1

)
e−iφ0(t) (C.35)

where r1 is the first root of J0(x). This factor accounts for the preset

microwave amplification that extinguishes the fundamental harmonic when

g(t) = 1 (i.e. g(t) = 1 → Ω−1(t) = 0). For our experiments, we use a

sinusoidal microwave pulse to transport the dark state from one pole to

the other and back again,

g(t) =
cos
(

2πt
τ

)
+ 1

2
(C.36)

where τ is the traversal time of our STIRAP interaction. From this, we

see that the ideal trajectory of the dark state can be given by the following

azimuthal and polar angle trajectories as a function of time,

φ0(t) = φi + Φ ·H
(
t− τ

2

)
(C.37)

θ0(t) = 2 tan−1 Ω−1(t)

Ω+1(t)
(C.38)
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where H(t) is the Heaviside step function, φi is the relative phase between

the sidebands for the first half of the trajectory, and Φ, the wedge angle,

is the increment added to the phase for the second half of the trajectory.

C.3.2 Quantum state tomography of the STIRAP

path

To perform the time-resolved state tomography measurements (seen in

Fig. 4.3) which are used to reconstruct the path of the dark state on the

|−1g〉/|+1g〉 Bloch sphere, we use the pulse sequence shown in Fig. C.6,

similar to time-resolved state tomography done Chapters 3 and 5. The

sequence consists of 121 distinct time interruptions of a 1200 ns STIRAP

interaction, resulting in a time resolution of 10 ns. For all sequences dis-

cussed in this appendix, we begin with a standard 532 nm laser pulse to

reset the charge state and initialize NV center into |0g〉. The population

is then transferred from |0g〉 to |−1g〉 with a π pulse, tuned to 2.55 GHz

(ν0,−1). A specific time-resolution of STIRAP is performed to bring the

dark state into a particular |−1g〉 and |+1g〉 superposition. We then trans-

fer the population in | − 1g〉 back to |0g〉, leaving the spin state in a |0g〉

and |+1g〉 superposition. From there we perform state tomography on the

spin state, measuring X, Y, and Z projections using π/2 pulses tuned to

3.205 GHz (ν0,+1) and a second 637 nm laser tuned to the |0g〉 to |EX〉

transition to read out the population in |0g〉.
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From those projections, we reconstruct the path of the spin on the

Bloch sphere as seen in Fig. 4.3. Total magnitude of the vector may

exceed 1, as all projections are normalized by the initial state of the spin,

which is imperfectly initialized into |−1g〉. In addition, an overall decrease

in total counts is observed as the STIRAP duration increases due to loss

out of the |−1g〉 and |+1g〉 subspace. To correctly evaluate the length of

the projections we find the average of the +Z and −Z projections. This

average corresponds to the center of the |−1g〉 / |+1g〉 Bloch sphere and all

projections are measured from this point.
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Figure C.6: Pulse sequence for time-resolved tomography of STIRAP. Green

laser (532 nm) pulse initializes the spin into |0g〉. π pulse tuned to ν0,−1 transfers the

spin to |−1g〉. Interaction laser (637 nm coupled to EOM) pulse duration varies for

different iterations of the experiment to reveal time dynamics of the spin during STIRAP

which moves the spin around the |−1g〉 / |+1g〉 Bloch sphere. The spin ends up in a

superposition of |−1g〉 and |+1g〉. A second π pulse also tuned to ν0,−1 transfers the

portion in |−1g〉 to |0g〉 resulting in a superposition state of |0g〉 and |+1g〉. This state is

then read out through state tomography, consisting of X, Y , and Z projections using a

π/2 pulse tuned to ν0,+1 which are read out through a second resonant 637 nm read-out

laser tuned to the |0g〉 to |EX〉 to read out the population in |0g〉.
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C.4 Experimental details: Berry phase

accumulation

C.4.1 Pulse sequence

375 ns 450 ns
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Figure C.7: Pulse sequence for Berry phase accumulation. 532 nm laser pulse

initializes the spin into |0g〉. π/2 pulse tuned to ν0,−1 transfers the spin to the equator

of the |0g〉/|−1g〉. STIRAP laser (637 nm coupled to EOM) pulse encloses a wedge angle

Φ on the |−1g〉 /|+1g〉 Bloch sphere. A second π/2 pulse tuned to ν0,−1 either projects

the X or Y component of the final state. This state is then read out through a second

resonant 637 nm tuned to the |0g〉 to |EX〉 to read out the population in |0g〉, resulting

in X and Y projections detailing the phase accumulation due to STIRAP.

To measure the accumulation of Berry phase, γB, (Figs. 4.6 - 4.9) we
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use the following pulse sequence (Fig. C.7), the details of which are largely

described in the main text. This measurement sequence includes contribu-

tions from a dynamic phase that is fixed for all wedge angles. Unlike the

previous pulse sequence, in addition to the preparation pulse, the projec-

tion pulses are also on the |0g〉 and |−1g〉 Bloch sphere. Because of nuclear

effects, the projection pulse must occur at a time when the nuclear hyper-

fine states of the NV center rephase, around 450 ns after the end of the

STIRAP interaction, as described in §B.2. This sequence is performed for

a variety of intended γB angles. The resulting projections are normalized

by the difference in the measure of the photon counts emitted when the

spin is intialized into |0g〉 versus |−1g〉, such that the normalization factor,

Ndiff = N|0g〉 −N|−1g〉.

C.4.2 Understanding the dynamic phase

To understand the origin of the dynamic phase, η, we perform a series of

Berry phase enclosure measurements (12 different wedge angles, Φ) while

varying the two-photon detuning, δ, traversal time, τ , and optical Rabi

frequency, ΩR. For a given ΩR and δ, we perform these Berry phase mea-

surements at five different τ (200, 400, 600, 800, and 1000 ns). For each τ ,

the resulting projections are then fit to determine the fixed dynamic phase.

In Fig. C.8, we plot the dynamic phase accumulated at ΩR = 31 MHz, for

increasing τ at various δ.
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Figure C.8: Accumulated dynamic phase, η, due to τ and δ. Measured dynamic

phases for a given two-photon detuning, δ, at various STIRAP traversal times, τ taken

at a ΩR = 31 MHz. For each detuning a slope, dη/dτ , is found resulting in a Stark

frequency shift, Ση, which is plotted in Fig. 4.10. This data is representative of similar

sets taken at ΩR = 64, 47, and 23 MHz, and the resulting Ση/δ for those sets is plotted

in the inset of Fig. 4.10.
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Figure C.9: Dark state Stark shift as a function of two-photon detuning.

The resulting Ση as a function of absolute sideband frequency separation for ΩR = 64,

47, 31, and 23 MHz. The data reveal a linear dependence of the energy shift on the

two-photon detuning with similar slopes across all four values of ΩR showing that the

dynamic phase results from an optical stark effect. The data also reveal an unexplained

shift in the point of two-photon resonance, δ = 0.

For each δ, we fit the slope, dη/dτ , of the acquired phase over time, and

derive the respective frequency shift, Ση = +1/(360◦) dη/dτ , of the dark

state energy. We then plot the frequency shifts as a function of absolute

sideband frequency separation, in Fig. C.9. We find that all have similar

slopes (Ση/δ ≈ 0.55) as a function of sideband frequency separation, but

the two-photon resonance, δ = 0, shifts to a higher sideband frequency

separation for increasing optical Rabi frequency. This shift is not fully

understood, but may be due to an additional optical Stark effect separating

the |−1g〉 and |+1g〉 states from one another.

To derive the relationship of the dark state frequency (energy) shift, we
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begin with the dark eigenstate at δ = 0,

|D〉 = cos

(
θ(t)

2

)
|−1g〉 − sin

(
θ(t)

2

)
eiφ(t)|+1g〉. (C.39)

We then apply a perturbation Hamiltonian, assuming small two-photon

detuning, δ, given by:

V = hδ|+1g〉〈+1g| (C.40)

Through first order perturbation theory the modification to the dark state

energy should be:

E|D〉,V = 〈D|V |D〉 = hδsin2

(
θ(t)

2

)
(C.41)

The energy shift of the dark state has no dependence on the azimuthal

trajectory of the dark state, φ(t), but only on the polar trajectory, θ(t).

Given our path as defined in Equations C.37 and C.38, we find that the

energy shift of the dark state has no dependence on either the wedge angle,

Φ, or the maximal optical Rabi frequency, ΩR, and it only relies on the

ratio of the pumps as a function of time, (Ω−1(t))/(Ω+1(t)). Taking the

time average of our path, we find:

Ση =
〈E|D〉,V 〉

h
= 0.55δ (C.42)

This figure is in good agreement with our data regarding the dynamic phase

accumulation as a function of two-photon detuning, δ, as seen in Fig. 4.10.
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C.5 Experimental details: echoed Berry

phase accumulation

C.5.1 Pulse Sequence

As mentioned in the Ch. 4, we use a Hahn echo sequence to cancel out the

dynamic phase contribution to focus on the Berry phase accumulation. In

addition to cancelling out the dynamic phase, it also eliminates a decrease

in visibility due to pumping out of the |−1g〉 and |+1g〉 subspace and into

|0g〉. While such pumping still persists in a Hahn echo, the secondary

effect of moving the state away from the equator is eliminated, providing

the fullest visibility at the equator. The pulse sequence we use (for Figs.

4.11 - 4.15) is seen in Fig. C.10. This sequence is also used for the noise

robustness experiments. An example set of δφ noise is plotted on the

STIRAP harmonic control pulse.

C.5.2 Estimating the true distribution of Berry

phase

In Ch. 4, we show both the shot-noise broadened distributions of four Berry

phase, σ̂γB ,echo, shown in Fig. 4.13, along with a corrected, σγB , (see Figure

4.15), where the shot noise contribution from the broadened distribution

has been subtracted in quadrature. In this section, we will discuss in more

detail how we estimate and correct for the shot noise contribution.
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For each of our noise profile experiments, we take a zero-noise Berry

phase calibration measurement along with a Berry phase calibration at a

given noise amplitude, sθ and sφ, all at a given wedge angle, Φ to extract the

375 ns 450 ns

ω+1,−1: I

ω+1,−1: Q

ω0,−1: I

ω0,−1: Q

Green 
Laser

Interaction 
Laser

Readout 
Laser

τ

ω0,+1: I

ω0,+1: Q

P
ro

je
ct

io
n

P
ul

se

S
TI

R
A

P
 

H
ar

m
on

ic
 C

on
tro

l
P

ul
se

π/2 π/2

π

Figure C.10: Pulse sequence for Berry phase Hahn echo. 532 nm nm laser

pulse initializes the spin into |0g〉. π/2 pulse tuned to ν0,−1 transfers the spin to the

equator of the |0g〉 / |−1g〉. STIRAP laser (637 nm coupled to EOM) pulse performs

a positive loop enclosing γB,1 = −Φ on the |−1g〉 / |+1g〉 Bloch sphere, and a total

phase of ξ1 = γB,1 + η. A π pulse tuned to ν0,−1 then flips the sign of that acquired

phase. A second STIRAP pulse performs a negative loop enclosing γB,2 = Φ on the

|−1g〉 / |+1g〉 Bloch sphere, resulting in an additional phase of ξ2 = γB,2 + η. The total

phase acquisition on the |0g〉 / |−1g〉 Bloch sphere is then ξ = −ξ1 + ξ2 = γB,echo = 2Φ.

A final π/2 pulse tuned to ν0,−1 projects the X, −X, Y , or −Y component of the final

state. This state is then read out through a second resonant readout laser (637 nm)

tuned to the |0g〉 to |EX〉 to read out the population in |0g〉, resulting in differential X

and Y projections detailing the phase accumulation due to STIRAP.
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mean value for the ±X and ±Y projections. Along with these calibrations

we take 250 instances of noise conforming to an Ornstein-Uhlenbeck process

for a given noise amplitude.

We fit the zero noise calibration set to following fit functions,

X+ = AX cos (2Φ) +X+

Y+ = AY sin (2Φ) + Y+

X− = −AX cos (2Φ) +X− (C.43)

Y− = −AY sin (2Φ) + Y−

where AX and AY are the amplitudes for the X and Y projections, and

X+,Y+,X−, and Y− are the offsets for ±X and ±Y respectively. Note that

since we are using a Hahn echo sequence, we do not include a dynamic

phase (η) component as this should effectively be cancelled out. This also

means that γB,echo = 2Φ as we enclose a loop on either side of the Hahn

echo sequence.

We then offset the ±X and ±Y for each instance of noise by their

respective zero noise mean values, and take the differential to compute the

Xdiff and Ydiff components,

Xdiff = (X+,noise −X−,noise)−
(
X+ −X−

)
Ydiff = (Y+,noise − Y−,noise)−

(
Y+ − Y−

)
(C.44)

and extract

γB,noise = tan−1

[
Ydiff
Xdiff

]
. (C.45)
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We find that even though the individual offsets vary across different noise

profiles, the differences in the offsets,
(
X+ −X−

)
and

(
Y+ − Y−

)
, remain

constant and approximately equal to the zero-noise case. We also set the

integration time of each noise profile such that the differential contrast is

greater than 1000 counts for sufficient averaging.

The resulting data and distributions are shown in Fig. C.11 for an

example sφ profile. The distribution of γB,echo is Gaussian in nature (Fig.

C.11b), and we extract the normal distribution parameters, the mean,

µγB,echo , and the standard deviation, σ̂B,echo. However, the value of σ̂B,echo

is still broadened by the shot noise. In order to compensate for this we

use the distribution of the error in γB,echo (Fig. C.11c), which is equivalent

to the shot noise of the measurement. While this distribution is not quite

Gaussian in nature, we simplify by estimating µshot as the median of the

distribution, and the width, σshot, from the standard deviation. We then

estimate the 95% confidence error on the mean of the distribution as

2σµ,shot = 2
σshot√
N
. (C.46)

Also worth noting, all standard deviations of the distributions, σi, are

quoted as true single σ’s, where as all errors are quoted as 95% confidence

intervals (2σ).

We use these values to calculate the corrected value of σγB by subtract-
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Figure C.11: Noise distribution of sφ = 8◦. a) The distribution in

tan−1 (Ydiff/Xdiff ) values for the 250 unique instances of sφ = 8◦ where X and Y

are the differential contrasts defined above. b) A histogram of these measured angular

values for γB,echo. The standard deviation σ̂γB,echo
is derived from this distribution c)

A histogram of the distribution of the error of γB,echo. The value µshot and its error are

derived from this distribution.

ing the shot noise component,

σγB =

√
σ̂2
γB ,echo

− µ2
shot

2
. (C.47)

We divide the value by two to account for the distribution that develops

after only one loop within the Hahn echo is performed.

C.5.3 Relationship of Berry phase variance to

applied noise

To investigate the robustness of the optically accumulated Berry phase to

fluctuations in the two Rabi laser fields, we introduce deviations δθ and

δφ to the ideal control trajectory, simulating fluctuations in the relative

amplitude and phase, respectively, of the two laser fields. The deviations δθ

and δφ conform to a Ornstein-Uhlenbeck (O.U.) process, characterized by a

Lorentzian spectrum of frequencies with a bandwidth ∆ν and a Gaussian
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distribution of amplitudes with mean zero and standard deviation si =

√
Pi (i = θ, φ), where Pi is the noise power. Under the assumption that the

state trajectory follows the noise deviations adiabatically, the statistics of

the measured Berry phase can be related to the statistics of the applied

noise following the theoretical framework presented in Ref. [90]. When

this calculation is extended to our STIRAP-accumulated Berry phase, we

find that the relationship between the variance of the Berry phase to the

power of fluctuations in φ is independent of geometric factors, in contrast

to previous results for two level qubits in a bias field [90, 91]. We verify

this prediction experimentally in Fig. 4.15 of the main text.

In STIRAP, the dark state

|D〉 = cos

(
θ(t)

2

)
|−1g〉 − sin

(
θ(t)

2

)
eiφ(t) |+1g〉 (C.48)

is adiabatically transported to enclose a wedge-like slice in the Bloch sphere

of |−1g〉 and |+1g〉. The Berry connection, a local gauge potential for the

Berry phase, can be determined for the dark state. The components of this

Berry connection, ~A~R = i〈D| 5~R |D〉, with ~R = (θ, φ), are calculated as

Aθ = 0

Aφ = −1

2
(1− cos (θ)) . (C.49)

The Berry phase γB =
∫ Rf
Ri

~A~R · d~R can be Taylor expanded about the

ideal trajectory by considering θ(t) = θ0(t) + δθ(t) and φ(t) = φ0(t) +

δφ(t), where θ0 (φ0) specifies the unperturbed trajectory, and δθ (δφ) is the
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applied stochastic noise. The ideal trajectories corresponding to a wedge of

opening angle Φ on the Bloch sphere are given by equations C.37 (φ0(t)),

and C.38 (θ0(t)). For tractability in this calculation, we apply a linear

approximation to the ideal θ0(t), using

θ0(t) =


2πt
τ

(
0 < t < τ

2

)
2π
(
1− t

τ

) (
τ
2
< t < τ

) (C.50)

The ideal θ0(t), along with its approximation for this calculation, is shown

in Fig. C.12.

Following Ref. [90], the total Berry phase assuming adiabatic following

of the noise is

γB =

∫ τ

0

[Aφ(θ0) + δAφ]
(
φ̇0 + δφ̇

)
dt

∼= γ0
B +

∫ τ

0

(
δAφφ̇0dt

)
+

∫ τ

0

Aφ(θ0)δφ̇dt (C.51)

where γ0
B is intended Berry phase in the absence of noise and we have

neglected second order corrections in the fluctuations. Using Eq. C.49,

δAφ = −sin (θ0)

2
δθ, (C.52)

and using Eq. C.37,

φ̇0 = Φ · δ(t− τ/2), (C.53)

where δ(t) denotes the Dirac delta function. The term
∫ T

0
δAφφ̇0dt there-

fore is zero since sin (θ0(τ/2)) = sin (π) = 0 and implies that the Berry
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phase is robust against deviations δθ to first order. Writing out the re-

maining term, we find

δγB = γB − γ0
B = −

∫ τ

0

1

2
(cos (θ0(t))− 1) δφ̇dt

= −1

2

∫ τ

0

cos

(
2πt

τ

)
δφ̇dt (C.54)

where we have set the part corresponding to the total derivative
∫ T

0
δφ̇dt =

δφ(T )−δφ(0) = 0 since δφ(T ) = δφ(0) = 0 due to the envelope function we

apply to the noise (shown in Fig C.12b), in order to maintain adiabaticity

when turning on and off the noise. Eq. C.54 can further be simplified using

integration by parts to yield

δγB = −1

2
cos

(
2πt

τ

)
δφ|τ0 −

1

2

∫ τ

0

2π

τ
sin

(
2πt

τ

)
δφdt

= −π
τ

∫ τ

0

sin

(
2πt

τ

)
δφdt. (C.55)

When δφ is a stochastic random variable under an O.U. process, we find

the mean Berry phase deviation 〈δγB〉 = 0 and that its variance 〈δγB2〉 can

be computed as

〈δγB2〉 =
(π
τ

)2
∫ τ

0

∫ τ

0

sin

(
2πt

′

τ

)
sin

(
2πt

′′

τ

)
〈δφ′δφ′′〉dt′dt′′

=
(π
τ

)2
∫ τ

0

∫ τ

0

sin

(
2πt

′

τ

)
sin

(
2πt

′′

τ

)
Pφ exp

(
− 2π∆ν|t′′ − t′ |

)
dt
′
dt
′′

(C.56)

where we have used the fact that the auto-correlation function 〈δφ′δφ′′〉 =

Pφ exp
(
− 2π∆ν|t′′ − t′|

)
for O.U. random variables of power P and band-
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Figure C.12: Trajectory of θ0(t) and noise envelope a) The ideal θ0(t) trajectory

(blue) is given by ratio of amplitudes of two harmonics produced by an electro-optic

modulator. For the purpose of the calculation, a linear approximation (red) is used. b)

The O.U. noise time series δθ or δφ are multiplied by an envelope function that goes to

0 at t = 0, τ/2, τ . This envelope function ensures adiabaticity when the noise is turned

on and off, and when the wedge angle is opened.

width ∆ν. The last integral can be evaluated to yield the final relation

σ2
γB

= 〈δγ2
B〉 =

Pφ
2

[
1− e−2π∆ντ

(1 + (∆ντ)2)2 +
π∆ντ

1 + (∆ντ)2

]
, (C.57)

showing the statistical variation of the Berry phase to only depend on Pφ

and the product ∆ντ , and not on the geometric factors that determine the

value of the Berry phase itself. In Fig. 5d of the main text, we report the

experimentally measured Berry phase standard deviations σγB for both θ

and φ noise for various noise amplitudes si and constant Lorentzian band-

width ∆ν = 3 MHz. Together with the STIRAP cycle time of τ =1.2 µs,

Eq. C.57 predicts an expected relation of σ2
γB

= 0.41Pφ = 0.41s2
φ, or

σγB = 0.64sφ, which is seen to reasonably agree with the measured data.

In Fig. 5e of the main text, we vary the product ∆ντ experimentally for
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constant Pφ and confirm the behavior of Eq. C.57.
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Appendix D

Unanswered questions

As is to be expected with any scientific endeavor, there always exist unan-

swered questions. These are interesting and unexpected effects that appear

during the course of an experiment for which no explanation is immediately

obvious or abundantly crucial to the task at hand. In the context of the

work presented in this thesis, we have stumbled upon our own fair share

of curiosities that have eluded explanation and are discussed below.

D.1 The role of the 405 nm repump

During the experiments discussed in Chapter 2 probing the effect of applied

electric fields on NV center orbital transitions, we discovered some very

interesting charging behavior. As discussed, the 532 nm (2.3 eV) laser light

would photoionize charge traps within the diamond. With the application

of voltages to the lithographic gates on the sample, we observe a long-lived

nonequilibrium charge distribution that cause an amplification or screening
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of the local electric field. We attribute this effect, in particular, to the

photoionization of substitutional nitrogen atoms as they lie ≈ 1.7−2.2 eV

below the conduction band [66, 67, 68].

While this is the crux of the photoinduced field discussed, these traps

remain charged for long periods of time, and full relaxation with 532 nm

would take several hours. To combat this, we discovered that the appli-

cation of 405 nm (3.1 eV) would significantly alter the charging behavior

of the system. Most importantly, it acted as a “reset” of the equilibrium

charge distribution with no applied voltage. As such, we would apply a

pulse of 405 nm laser light (≈ 10 µW) to fully relax the charge traps within

≈ 10 s for all experiments discussed in Chapter 2.

However, the actual dynamics resulting from the application of the

405 nm were briefly explored, but never fully explained. In general, we

found that the NV center optical transitions were somewhat less stable -

i.e. for several NV centers, more spectral diffusion of the optical transitions

was observed. In addition, we also observed more screening of the applied

electric field than with the 532 nm light. Some NV centers even exhib-

ited screening of the applied field in both directions out to magnitudes of

|100 V|.

In Fig. D.1a, we plot the Stark shift response of the same NV center

as shown in Fig. 2.3 (reproduced in Fig. D.1b for comparison), but with

the application of 405 nm light. We note that instead of the amplification
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Figure D.1: Response of optical transitions to external voltages under 405 nm

illumination a) Under 405 nm illumination, the Stark-shift response of NV center

optical transitions for an NV center 13 µm below a transparent top gate, as a function

of top-gate voltage stepped in a loop over ≈ 160 min. b) Under 532 nm illumination,

the Stark-shift response of NV center optical transitions for an NV center 13 µm below a

transparent top gate, as a function of top-gate voltage stepped in a loop over ≈ 160 min.

for negative applied voltages and screening for positive applied voltages

above a threshold bias seen in 532 nm light, we find the threshold bias

for 405 nm light exists at a negative voltage, ∼ 40 V. In addition, the

hysteresis present for 532 nm light is significantly reduced for 405 nm light,

a result of the much faster relaxation times under 405 nm illumination.

In addition, we observe an unusual inability to screen the electric field for

large positive voltages. This feature was repeatedly seen on a number of NV

centers in several different samples. However, other NV centers exhibited

screening across the entire range of applied voltages with 405 nm light.

Some of these discrepancies could be due to different annealing conditions

of samples affecting the charge traps and Fermi level within the diamond
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and/or mounting approaches that ground the back of the sample; however,

it is clear, the behavior is quite different from the behavior under 532 nm

illumination.

Perhaps different charge traps are photoexcited by the more energetic

405 nm light, such as vacancies or N3 centers. The screening of both pos-

itive and negative voltages is also puzzling. Finally, the relaxation time

constant of the charge traps photoexcited by the 405 nm is much faster

than under 532 nm illumination. Clearly, there is some interesting physics

occuring within the diamond that may be interesting to probe.

D.2 Decoherence within a driven Λ system

As discussed in Chapters 3 and 4, and the corresponding appendices to

those experiments (B and C), many of our procedures involving dark states

are limited in fidelity, however, our understanding of the exact role that

many of the sources of decoherence play is not complete. As discussed in

§B.4 and §C.1, a number of factors play a role determining both the purity

of the final dark state, as well as our ability to adiabatically shift the dark

state across the Bloch sphere.

Most importantly, we are dealing with Λ systems that occur within

a larger subspace of electronic levels, thus loss into and coupling to these

other levels can be detrimental to our intended procedure. An ideal system

consists of two ground states coupled to an excited level; however, the NV
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center consists of three distinct spin sublevels in the ground state and

six spin-orbit levels in the excited state. In the case of the experiments

described in Chapter 3, the excited state of the Λ system was formed by

an anticrossing to mix the two excited state spin sublevels of interest. This,

however, also created a second level only 250 MHz detuned in energy to

which coupling would produce an orthogonal dark state. In the case of the

experiments described in Chapter 4, we used an already mixed excited state

level, |A2〉, that was well isolated from the next nearest level (2.9 GHz away

in energy); however, it is weakly coupled to the reference ground state |0g〉

leading to loss out of the intended subspace. In addition, the intersystem

crossing in the NV center, while beneficial in providing room temperature

readout and initialization of the spin state, acts as another mechanism for

loss out of our subspace. To combat this in the Berry phase experiments,

we used an excited level that has very little coupling to the singlet levels

through the intersystem crossing in |A2〉.

In addition to the role that other levels play, we suspect that additional

sidebands may play a significant role in the Berry phase experiments (Ch.

4). Here, unlike in Chapter 3, the ground state splitting is much smaller

(655 MHz vs. 4.6 GHz), and thus at longer timescales, the additional

detuned harmonics produced by the EOM, may drive the Λ system in un-

intended ways. We suggest that this plays a role in the long-time decay

mechanism seen in the Berry phase visibility in Fig. 4.11. Other mecha-
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nisms such as spectral diffusion and the intrinsic nuclear hyperfine levels

within the ground state spin sublevels may also play a role in the deco-

herence of dark state purity and Berry phase visibility, but are relatively

insignificant.
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Figure D.2: Berry phase visibility for NV centers exhibiting different T ∗2

times The visibility of the Berry phase, γB , as a function of traversal time, τ , for

four different NV centers exhibiting different T ∗2 spin coherence times driven at ΩR =

47 MHz. The raspberry red points correspond to Berry phase visibility from NV “Euro”,

the NV center used in the experiments described in Ch. 4 and Appendix C

However, the role one decoherence mechanism is not as well under-

stood. That is the role of the inhomogenous spin coherence decay, T ∗2 , of

the ground state spins, as well as coupling to nearby coupled spins. Our

suspicion is that this decay time is frozen to some extent during the optical

interaction, as is typically seen during a microwave Rabi oscillation, but
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balances with the optical driving power to determine some final dark state

purity. To fully investigate the role T ∗2 plays within an optically driven

Λ system, a systematic investigation of many NV centers would need to

be performed in order to account for other variations between NV centers

(spectral diffusion, strain splitting of the orbital levels, etc.). We took a

brief foray into this by examining the Berry phase visibility of four NV cen-

ters as a function of STIRAP traversal time. The results, plotted in Fig.

D.2, show the visibility of the Berry phase in a Hahn echoed sequence,

similar to the ΩR = 47 MHz data set in Fig. 4.11.

While the sample size is small (only four NV centers) it appears that in

general the shorter the spin coherence time, the more reduced the visibility,

suggesting poorer dark state purity. However, this is not fully consistent

across the four NV centers measured. In particular, the NV center that is

strongly coupled to a nearby spin with a coupling strength of ≈ 800 kHz

has a reduced visibility when compared to NV centers of similar or lesser

T ∗2 times.

While we could perhaps extract some general trends, accounting for the

role that this decay time plays in a quantum master equation approach

model as seen in Appendix C has thus far yielded no qualitative match to

experiments. Thus, it remains unanswered as to what exactly the interplay

is between this spin dephasing and optical driving and how it affects the

purity of the dark state.
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