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Chapter 1

Introduction

Quantum-based technologies involving light-matter interactions promise revolutionary

improvements in sensing [3], computation[4, 5, 6, 7], and communications [8, 9, 10, 11,

12, 13, 7, 14] over their classical counterparts. The goal is to create technologies that

use the properties of quantum mechanics to assemble devices either to perform opera-

tions that are infeasible with classical resources or to surpass their classical counterparts.

Quantum communications in particular can gain much from quantum memories to real-

ize quantum repeaters [15, 16, 17, 18, 19, 20] and flying qubits [21, 22, 23, 24] needed

for memory based quantum communication protocols. Quantized physical systems have

two properties that are the key to enabling this advantage. First, single-quantum systems

o↵er the ultimate limit in scaling and sensitivity, able to respond to their local meso-

scopic environment [25, 26, 27, 28, 29, 30] at sensitivities approaching the Heisenberg

limit [31, 32, 33, 34, 35, 36, 37]. Second, unlike classical systems, a quantized system can

comprise quantum-entangled networks of single quanta (quantum bits), thus providing a

computational basis that scales exponentially for each quantum bit [38, 39]. To enable this

second quantum revolution, single-quantum systems must be composed and controlled.

Various single-quantum systems have been explored as fundamental technological units

for quantum technologies such as optical photons [40], ions [41, 42], atoms [43, 44], and

superconducting circuits [45, 46] with the ultimate goal of assembling a highly connected

quantum system that can be controlled coherently. However, these quantum technology

platforms either cannot be manufactured in a scalable [47] manner or they have short-lived

quantum memories.

Alternatively, single-quantum emitters (SQEs) [48, 49, 50, 51, 52] in wide-bandgap

solid-state materials o↵er a direct pathway to scalable quantum systems because current

semiconductor and optical fabrication methods can be employed to construct on-chip quan-
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tum sensors and quantum networks [53, 54, 55, 56, 57, 58, 59]. An ideal single-quantum

emitter by definition is a single-photon source capable of generating indistinguishable pho-

tons [60, 61, 62, 63, 64, 65]. Moreover, SQEs with quantum memories [66, 67, 68, 69, 70]

(e.g., long-lived spin states) provide quantum sensors or qubits that can be integrated into

quantum networks on-chip. To date, two leading candidates for solid-state SQEs have

been studied in detail: semiconductor quantum dots and the nitrogen vacancy (NV) center

in diamond. However, quantum dots, while having near ideal photon indistinguishabil-

ity [71] , have poor quantum memory characteristics [72]. On the other hand, the NV

center has the longest-lived quantum memory in the solid-state [5, 73] but has poor entan-

glement rates [74] and cannot generate reliably indistinguishable photons[63, 64]. Thus,

the search for other SQE platforms is warranted; to date candidate SQEs have been found

in silicon carbide (SiC) [75, 76, 77, 78, 79, 80, 81], rare earth ions [82, 16, 83], gallium

nitride (GaN) [84], transition metal dichalcogenides (WsE2) [85, 86, 87, 88], Zinc Oxide

(ZnO) [89, 90], carbon nanotubes [91], cubic boron nitride [92], hexagonal boron nitride

(hBN) [93, 2] and group IV emitters in diamond [94, 95, 96, 97].

In this dissertation, I explore the quantum metrology of SQEs in hBN because they

are the brightest visible SQEs on record comparable [98] to the brightest quantum dots,

and have recently been found to have an optically accessible spin degree of freedom [99,

100, 101, 102, 103, 104]. Yet to date, despite extensive optical characterization [105, 106,

107, 108] and theoretical studies [109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119,

120] the electronic structure and corresponding atomic origins of these defects are poorly

understood. These SQEs emit sharp zero-phonon lines (ZPL) in the spectral region from

1.4 to 2.6 eV; in some cases, the SQEs exhibit broad emission lines attributed to optical-

phonon sidebands 165±2 meV on the red side of their ZPL [2, 108]. The broad distribution

of ZPLs is likely due to a combination of bright emitters with di↵erent atomic structures

as well as strain fields inducing energy shifts in their ZPLs. However there is no scientific

consensus about either the energy-level structure [121, 2, 122, 107, 1, 105, 123] or the
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extent of electron-phonon [124, 125, 126] coupling in these SQEs.

In my work, I begin by exploring the contributions of electron-phonon coupling to

the microphotoluminescence spectrum of a hBN SQE using a phenomenological model

based on Fermi’s golden rule. I then conclusively confirm that the broad emission at 165

and 326 meV are optical one- and two-phonon sidebands by applying two-color Hanbury

Brown-Twiss (HBT) interferometry to phonon modes to attain their antibunched auto- and

cross-correlations [108]. Furthermore, I substantiate that two-color HBT interferometry in

conjunction with photoluminescence can be used to identify additional defects in defect

spectra. Given this knowledge, I investigate the excited state energy structure of hBN

defects. Here, I provide evidence of photochromism in hBN SQEs with a combination of

irradiation-time dependent measures of intensity, microphotoluminescence spectroscopy,

and two-color Hanbury Brown-Twiss interferometry. The results reported provide evidence

that this hBN SQE exhibits two bright excited-state transitions, suggesting a fundamentally

new understanding of hBN-SQE energetics. I was the first to explore cross-correlations

in the hBN defect community which has led to the deepening in the understanding of the

electron-phonon coupling and energetics of hBN defects. This body of work sets the stage

for larger scale color center studies to conduct cross-correlation measurements concurrent

with other microscopies to identify the energy structure of hBN defects.

These investigations collectively demonstrate the importance of fundamental investi-

gations with the focused aim of discovering the ideal SQE for applications in quantum

sensing and quantum computation. The quantum metrology techniques employed show

their versatility in characterizing an SQE optical properties. It is clear that the work in this

thesis is but a small piece of the puzzle which numerous researchers are rigorously push-

ing towards solving: an ideal SQE for quantum information science applications. It is my

sincere aspiration that this thesis provides a pedagogical resource and a launching pad for

the next generation of the SQE community to push further toward reaching that goal.

I begin with an introduction to the fundamentals of single-quantum emitters, and the
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state of the art in hBN in Chapter 2 and 3, respectively. I then discuss electron-phonon cou-

pling in hBN defects (Chapter 4), and the excited state structure of hBN defects (Chapter

5), I conclude with my thoughts on future work in search of the ideal SQE in hBN.
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Chapter 2

Theoretical Background in SQEs

2.1 Color Centers

A crystal ideally has no energy levels within its bandgap. Yet the material properties of

any crystal can be locally altered by point defects (also referred to as color centers). There

are three primary defect types; a vacancy - an atom intrinsic to the crystal missing from

its lattice, a substitutional defect - a foreign atom occupying an atomic site of the crystal,

and an interstitial defect - a foreign atom that is not located at an atomic site. While point

defects in crystals can be exploited as single-quantum emitters their coupling to the lattice

phonons and local charge environments degrade their optical properties and these couplings

will be briefly reviewed in this section.

Point defects alter the energy level structure of the crystal forming narrow levels in-

side the crystal bandgap [127, 51]. These narrow levels are positioned deep within the

crystal bandgap and electrons in these levels cannot be excited into the conduction band

when the point defect is photostable - the defect emits photons at a stable emission rate

without its quantum e�ciency permanently or partially quenching. There is a non-zero

overlap between the color center orbital wave function and the wave function of the lat-

tice and thus momentum from the lattice can be exchanged with the defect in the form of

lattice phonons to perturb a point defects energy structure [127]. This is known as electron-

phonon coupling and the degree of coupling determines the probability that light will be

absorbed or emitted by the defect electron orbital without the emission or absorption of

a phonon (zero-phonon line) or the corresponding hybridized electron-phonon transitions

with phonon emission or absorption (phonon sidebands).

The local charge environment of a defect also a↵ects SQE optical properties, which in-

troduces several challenges in creating e↵ective SQEs. Color centers with an electric dipole

moment, such as substitutional defects like the nitrogen vacancy (NV) center in diamond,
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are susceptible to fluctuations in their dipole orientation when coupling to a local charge

in the lattice. The repeated interaction of the defect electronic dipole with local charge(s)

induces fast time-dependent fluctuations in the defect optical frequency, the time average

of which leads to inhomogeneous broadening of the zero-phonon line; this phenomenon is

referred to as spectral di↵usion. Additionally, the related phenomena of intermittent emis-

sion, also referred to as blinking, causes random switching between bright and dark states

while under continuous-wave (CW) or quasi-CW excitation due to competing radiative and

nonradiative relaxation pathways [128]. In the next section, we will cover the basic photo-

physical properties for a single-quantum emitter and the corresponding physical properties

needed in color centers to overcome these challenges.

2.2 Single-Quantum Emitters

A solid-state single-quantum emitter (SQE) must emit precisely one photon at a time

into a single spatial-temporal mode such that all photons emitted are indistinguishable. An

SQE must have the following specifications for it to be useful as a quantum technology for

quantum information science (QIS) applications[51, 52].

(i) Photostable emission, (e.g. no blinking or bleaching).

(ii) High count rate in the zero-phonon line (ZPL)

(i) Short excited-state lifetimes.

(ii) High quantum e�ciency.

(iii) High Debye-Waller Factor, (i.e. a Debye-Waller Factor near unity).

(iii) High single-photon purity

(iv) Optical lifetime-limited, indistinguishable photons.

(v) Resources required to operate an SQE.

(vi) Spatially addressable fabrication of SQEs.
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(vii) Integration of SQEs into nanophotonics devices (e.g. dielectric resonators).

As this thesis is focused on the fundamental characterization of SQEs’ intrinsic proper-

ties we will limit further discussion to properties (i)-(iv). However, we refer the interested

reader to the following literature covering extrinsic properties of SQEs [52, 57, 53]. In the

remainder of this section, we will define and discuss the relevant theory behind the intrinsic

photo-physical properties of SQEs.

2.2.1 Photostability

Photostability and, correspondingly, spectral stability of an SQE zero-phonon line (ZPL)

can be improved by passivating [129, 130, 131, 132] the local charge traps surrounding the

SQE or electrically and dynamically tuning an SQE ZPL by the Stark e↵ect [133, 134].

However, to date blinking and spectral di↵usion caused by charge-SQE interactions can be

mitigated best by selecting a SQE that has no electric dipole moment such as the inversion

symmetric group IV emitters in diamond [135].

2.2.2 Count Rate

The brightness of an SQE is the maximum count rate that single photons can be emitted

and is a determining factor in the entanglement rates of two-qubit gates. Brightness in

SQEs depends on three photo-physical properties of the SQE: its excited state lifetime,

quantum e�ciency and Debye-Waller factor. The excited state lifetime, ⌧, is defined as

the meantime it takes for an electron to radiatively relax from the SQE excited states to

its ground state, releasing a single photon in the process, after an excitation pulse. The

quantum e�ciency is simply the probability that an electron will relax from a SQE excited

state to its ground state via a radiative pathway. The quantum e�ciency and the excited

state lifetime determine the brightness of the multimode (i.e. multicolor) emission into

the ZPL and the phonon sideband. However photon-photon entanglement rates between

SQEs depend on how indistinguishable each SQE ZPL is from the other SQE ZPL. A
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factor is needed to determine the fraction of counts corresponding to ZPL emission. The

Debye-Waller (D) factor is the ratio of the intensity of light from the ZPL, IZPL to the total

intensity, ITOT of the SQE, D = IZPL
ITOT

[93].

2.2.3 Second-Order Coherence

The signature for single-photon emission of an SQE is its single-photon purity 1 �

g(2)(0), or the probability of single-photon emission. The single-photon purity is evaluated

by the second-order coherence function also referred to as the second-order correlation

function, g(2)(⌧) of emitted coincident photons [136]. The coherence function in this con-

text quantifies the degree of correlations between light fields. The second-order coherence

function, g(2)(⌧) is the normalized coincident photon counts and is proportional to the tran-

sition rate of coincident absorption of photons (intensities) by two single-photon detectors

at two points in space-time (t1,r1) and (t2,r2). Counter to the classical theory in which

g(2)(⌧) has a lower bound of unity, the second-order coherence for a single-quantum emit-

ter has zero as its minimum value. Given that g(2)(⌧) is central in characterizing SQEs,

a thorough theoretical description is presented for the classical and quantum theories of

second-order coherence. In this section, we will also review the standard method of mea-

suring g(2)(⌧) using a Hanbury Brown-Twiss (HBT) interferometer. This technique will be

used extensively in the following chapters.

2.2.3.1 Classical Theory

The classical theory of optical coherence deals with large photon numbers and Poisso-

nian statistics. In the classical theory of coherence the second-order coherence is defined

as [136]

g(2)(⌧) =

D
Ī(t)Ī(t+⌧)

E

D
Ī(t)
E2 , (2.1)

=
hE⇤(t)E⇤(t+⌧)E(t+⌧)E(t)i

hE⇤(t)E⇤(t)i2
, (2.2)
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where Ī is the long time average intensity in which Ī is assumed to have ergodic and sta-

tionary statistical properties, E(t) and E⇤(t) are the electric field amplitude and its complex

conjugate at time t, where the total electric field is expanded to Etot(t) = E(t)+ E⇤(t) for

generalization to quantum mechanics. By the even symmetry of this definition it can be

shown that [136]

g(2)(⌧) = g(2)(�⌧). (2.3)

To determine the allowable range of values of g(2)(⌧) we may apply the Cauchy-Schwarz

inequality, which any pair of real numbers are subject to, such as intensities. Any two

measurements of Ī at times t1 and t2 must obey the following inequality [136]

2Ī(t1)Ī(t2)  Ī(t1)2+ Ī(t2)2. (2.4)

For M intensity measurements further application of the above inequality to the cross-terms

yields

"
Ī(t1)+ Ī(t2)+ ...+ Ī(tM)

M

#2
 Ī(t1)2+ Ī(t2)2+ ...+ Ī(tM)2

M
. (2.5)

In the limit of a large number of measurements M the terms on both sides become the

statistical means

D
Ī(t)
E2 
D
Ī(t)2
E
, (2.6)

where we have invoked the stationary assumption. By this inequality and the definition the

second-order coherence, at zero time delay ⌧ = 0 the latter must obey

1  g(2)(0). (2.7)
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For classical systems there is no known upper bound, therefore, the range of allowable

values for g(2)(0) is [136]

1  g(2)(0) <1. (2.8)

Hence the second-order correlation function at zero delay for classical systems is lower

bounded by unity and has no upper bound. This argument above is not extendable to time

delay values ⌧ , 0 and the only restriction on g(2)(⌧) is that intensities are non-negative real

numbers yielding [136]

0  g(2)(⌧) <1. (2.9)

However, the Cauchy-Schwarz inequality may again be applied to determine an inequality

between g(2)(0) and g(2)(⌧)

{⌃M
i=1 Ī(ti)Ī(ti+⌧)}2  ⌃M

i=1 Ī(ti)2⌃M
i=1 Ī(ti+⌧)2. (2.10)

The two summations on the right are equivalent for long measurement times again assum-

ing stationary intensities, which yields the conclusion

D
Ī(t)Ī(t+⌧)

E

D
Ī(t)
E2  1, (2.11)

and thus g(2)(⌧)  g(2)(0). Hence for the classical systems the second-order correlation at

time ⌧ may never be greater than the second-order correlation at zero delay, according to

the preceding inequality.
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2.2.3.2 Quantum Theory

The theory of quantum optical coherence requires the quantization of the electromag-

netic field. It can be shown that the quantized time dependent operator for the electric field

is proportional to the creation and the annihilation operators â† and â, respectively, of a

quantum-harmonic oscillator

Ê(t) = Ê+(t)+ Ê�(t), (2.12)

= i
}p

2✏0V
(âe�i!t + â†ei!t), (2.13)

with positive Ê+(t) and negative Ê�(t) electric field operators, where } is Planck’s reduced

constant, ! is the angular frequency of the electric field, ✏0 is the electric permittivity of the

material the field passes through, and V is the spatial volume of the electric field within an

arbitrary cavity [136]. As we will see in later arguments, the intensity operator ˆI(t) is the

natural operator for the second-order coherence so we will first determine its relation to the

electric field operators Ê+(t) and Ê�(t).

According to the semiclassical theory of the photoelectric e↵ect, the photoionization

rate of a detector is proportional to the intensity of detected light and is a direct measure of

the rate of atomic transitions of the detector [136]. Let us presume the detector is initially in

a state |ii prior to the absorption of n identical photons. The relevant matrix element of the

electric-dipole interaction for the atomic Hamiltonian under second quantization is [136]

h f | ĤED |ii = e hq| D̂ |1i hn�1| Ê+(t) |ni , (2.14)

where ĤED is the electric-dipole interaction Hamiltonian, |ii and | f i are the initial and final

states of the dipole transition, e is the electric charge of an electron, q is the wavevector of

the electron excited from the ionized atom and D̂ is the electric-dipole moment operator.

The first and second portions of this expectation value are factorized and for the current

discussion only the second component of this expectation values is relevant. Using this and
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Fermi’s golden rule we can calculate the photoelectric transition rate as [136]

2⇡
}

���hn�1|E+(t) |ni
���2 =

2⇡
}
hn| Ê�(t) |n�1i hn�1| Ê+(t) |ni , (2.15)

=
2⇡
}
hn| Ê�(t)Ê+(t) |ni , (2.16)

/ 2⇡
}
hn| |â†(t)â(t) |ni . (2.17)

Here the operator Ê�(t)Ê+(t) is defined as the intensity operator Î(t). We now present the

definition of the quantum analogue of the second-order coherence [136]

g(2)(⌧) =

D
Ê�(t)Ê�(t+⌧)Ê+(t+⌧)Ê+(t)

E

D
Ê�(t)Ê+(t)Ê�(t+⌧)Ê+(t+⌧)

E , (2.18)

=

D
â†â†ââ

E

D
â†â
E2 , (2.19)

=

D
Î(t)Î(t+⌧)

E

D
Î(t)
E2 . (2.20)

Here the electric field operators are normally ordered, where all the creation operators are to

the left of all annihilation operators. Using the commutation relation [â, â†] = ââ†� â†â = 1

we can rewrite equation 2.20 as

g(2)(⌧) =

D
â†(ââ†�1)â

E

D
â†â
E2 =

D
(â†â)2

E
�
D
â†â
E

D
â†â
E2 . (2.21)

If we examine equation 2.21 in the Fock (photon number) basis |ni we find that the lower

bound for the quantum theory of g(2)(⌧) di↵ers from its classical counterpart

g(2)(⌧) =
hn| (â†â)2 |ni� hn| â†â |ni

hn| â†â |ni2
=

D
n2
E
�hni
hni2

= 1� 1
hni , (2.22)

and consequently upon substituting |1i for |ni it is readily apparent that the quantum ana-

logue of g(2)(⌧) has a lower bound of 0 as opposed to its classical counterpart.
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2.2.3.3 Comparison of Photon Statistics in Classical and Quantum Light Sources

The second-order coherence function is an observable used to characterize the photon

statistics of a given physical system. We will now review examples of classical light (coher-

ent states and chaotic light) and quantum light (the two-level and three-level SQE), which

represent the possible physical regimes of photons statistics (Poisson, superpoissonian, and

subpiossonian) for quantum and classical light sources.

Let |↵i be the quantum state that most closely mimicks a classical light field. For a

given coherent state |↵i, the second-order autocorrelation becomes [136]

g(2)(⌧) =

D
↵|â†â†ââ|↵

E

D
↵|â†â|↵

E2 = 1, (2.23)

since |↵i are right (â |↵i = ↵ |↵i) and left (h↵| â† = h↵|↵⇤) eigenstates of the photon destruc-

tion and creation operators. The probability to find n photons in state |↵i is Poisson and

so its mean photon count and photon count variance are equal, hni = (�n)2 = |↵|2. Further-

more, upon consideration of the g(2)(⌧) in the Fock state basis it is clear that the g(2)(⌧) = 1

is proof that a coherent state photon number distribution is Poisson,

g(2)(⌧) =
hn(n�1)i
hni2

=

D
n2
E
�hni
hni2

= 1+
(�n)2�hni
hni2

, (2.24)

= 1,

since (�n)2�hni = 0 for a Poisson distribution.

Superpoissonian light sources, such as a chaotic light source, exhibit photon bunching

due to photon packets piling up within the coherence time ⌧c of the ensemble of atoms

comprising the source. Here the photons are coherent only within ⌧c and decohere expo-

nentially as [136],

g(2)(⌧) = 1+ e(�2|⌧|/⌧c). (2.25)
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Figure 2.1: Summary of photon statistics for classical and quantum light sources. The
black dashed line is the second-order coherence, g(2)(⌧) = 1 for a coherent light source
with Poisson statistics where (�n)2 = hni; the red solid line is the g(2)(⌧) = 1+ e(�2|⌧|/⌧c)

for a chaotic light source with superpoissonian statistics where (�n)2 > hni; The dashed
green curve is the g(2)(⌧) = 1� e(�|⌧|/⌧c) for an SQE with subpoissonian statistics where
(�n)2 < hni; the blue dashed curve is g(2)(⌧) = 1� (1/2)e(�|⌧|/⌧c) and it represents the upper
bound of g(2)(⌧) for determining the single photon quality of a two-level SQE degraded by
background light.

Similar to the coherent source, it can be shown that a chaotic source, i.e. a state of maxi-

mum entropy, is superpossionian given that its photon statistics follow a geometric distri-

bution with variance (�n)2 = hni2 + hni. Equation 2.24 leads to g(2)(0) = 2 and hence the

variance of a chaotic source must exceed its mean.

For classical light the second-order coherence function satisfies 1  g(2)(⌧) <1, due to

the Cauchy-Schwarz inequality. As seen earlier, in contrast to classical sources of light,

for quantum light this does not hold. This is exemplified by the second-order correlation
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function for a Fock number state as previously shown

1� 1
hni < g(2)(⌧) <1, (2.26)

for mean photon numbers hni � 1. A quantum photon source exhibits antibunching, which

is anticorrelations in the the second-order coherence function where g(2)(⌧) > g(2)(0). A

quantum light source may also exhibit subpoissonian statistics where g(2)(0) < 1 and while

the quantum source does not always have antibunched and have subpoissionian photon

statistics this is the case for SQEs [136]. For an SQE, as we will see, we can model

the photon statistics according to the optical Bloch equations under resonant excitation or

simpler rate equation under o↵-resonant excitation using a two-level atomic model. For

a true single-quantum emitter only one photon, n = 1, can be emitted at any given time

within the optical lifetime, ⌧c of the SQE and correspondingly the single-photon purity is

1�g(2)(0) = 1, where g(2)(⌧) = 1�e�|⌧|/⌧c . However, practically all experiments su↵er from

background counts due to photoactive impurities on the sample, as well as detector dark

counts, i.e. counts in the absence of a signal, which diminish the single-photon purity of the

SQE. Here the minimum condition for single-photon emission of an SQE is g(2)(0) < 0.5,

where g(2)(⌧) = 1� (1/n)e(�|⌧|/⌧c), n is the number of emitters within the same confocal

volume and all emitters are equally coupled to the optical experimental apparatus.

We have reviewed the di↵erent regimes of photon statistics for quantum and classical

systems, which is determined by g(2)(⌧). These regimes are identified as follows: Poisson

light, g(2)(⌧) = 1; superpoissonian light which exhibits photon bunching, g(2)(⌧) > 1; and

subpoissonian and antibunched light, g(2)(⌧) < 1. The di↵erent regimes are summarized in

Figure 2.1.

2.2.3.4 Two-level Model for a Single-Quantum Emitter

For evaluating the photophysics of single-quantum emitters (SQE) we can simplify the

SQE energy level structure to either a two or three-level model. While some SQEs require
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more levels to explain their photodynamics [121] we will limit our discussion to these two

cases. The simplest and most fundamental model of a SQE is a two-level atomic model

with excited state (|2i) and ground state (|1i) as depicted in Figure 2.2a where |2i and |1i

are not to be confused with Fock states. First the SQE electron is excited at a pumping

rate k12 by an external radiating field where photons have energies equal to or greater than

the energy di↵erence of the two levels. The electron then experiences a transition from

|1i to |2i. Upon the electron relaxation to |1i at a spontaneous emission rate k21 a single

photon is emitted, giving a zero probability of coincident photon emission (g(2)(0) = 0).

Under resonant excitation the equations of motion can be described using the optical Bloch

equations [136, 137],

⇢̇12(t) =
i⌦
2

(⇢21�⇢12)�2k21⇢22, and (2.27)

⇢̇22(t) =
i⌦
2

(⇢11�⇢22)+ i((!o�!)� k
0
21)⇢12, (2.28)

where ⇢̇i j(t) is the time derivative of ⇢i j(t), ⌦ is the Rabi frequency, ⇢i j are elements of

the density operator, k021 = k21 + k
00
21 is the e↵ective spontaneous emission rate from |2i to

|1i , k21 is the liftetime-limited emission rate and k
00
21 describe the cumulative electronic

decoherence pathways that increase k
0
21. The Rabi frequency is ⌦ = eE ·D12/}, where D12

is the SQE transition dipole moment, E is the field driving the SQE, e is the electric charge

of an electron and } is the reduced Planck’s constant. The remaining equations of motion

can be derived using the following relations for the density matrix elements

⇢21 = ⇢
⇤
12, ⇢11+⇢22 = 1, (2.29)

where ⇢⇤12 denotes the complex conjugate of ⇢12.

The optical Bloch equations can also be restated using the steady-state expectation val-
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ues of atomic transition operators in the interaction picture

h⇡̂(t)i = ⇢̂21(t), (2.30)
D
⇡̂†(t)
E
= ⇢̂12(t), and (2.31)

D
⇡̂†(t)⇡̂(t)

E
= ⇢̂22(t), (2.32)

where ⇡̂ = |1i h2| and ⇡̂† = |2i h1| are the atomic raising and lowering operators and ⇢̂i j are

the elements of the density matrix. The SQE is initially taken to be in the |1i ground state

prior to excitation. Thus all density matrix elements ⇢̂i j have a linear dependence on the

boundary conditions ⇢̂12(0) = ⇢̂21(0) = ⇢̂22(0) = 0. With this in mind we can reformulate
D
⇡̂†(t)⇡̂(t)

E
as [137]

D
⇡̂†(t)⇡̂(t)

E
= ↵1(t)+↵2(t) h⇡̂(0)i+↵3(t)

D
⇡̂†(0)

E
+↵4(t)

D
⇡̂†(0)⇡̂(0)

E
, (2.33)

where we find the function ↵ j(t) by solving the optical Bloch equations. An additional

boundary conditions arises in the limit of long integration times. In this case damping

mechanisms in the SQE degrades its optical coherence in the steady state and all informa-

tion about the initial state of the SQE is lost. Here, ↵2(1) = ↵3(1) = ↵4(1) = 0 and thus in

the steady-state (st)

D
⇡̂†(1)⇡̂(1)

E
st
= ↵1(1). (2.34)

To determine the second-order coherence we must first apply the quantum regression

theorem, which allows us to restate any two-time expectation value in terms of single-time

expectation values [137]. If a first-order expectation value
D
Â(t+⌧)

E
can be written as a

linear combination of single-time expectation values

D
Â(t+⌧)

E
=
X

↵i(⌧)
D
Âi(t)
E
, (2.35)
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then any expectation value that is second-order in time may be rewritten as

D
B̂(t)Â(t+⌧)Ĉ(t)

E
= ⌃↵i(⌧)

D
B̂(t)Âi(t)Ĉ(t)

E
. (2.36)

We now seek to determine the second-order coherence for the two-level SQE. We may first

use the fact that the source-field expression for the positive E+(t) and negative E�(t) fre-

quency electric field operators of a two-level atom are proportional to the atomic lowering

h⇡̂i and raising
D
⇡̂†
E

operators and we can rewrite the second-order coherence as

g(2)(⌧) =

D
Ê�(t)Ê�(t+⌧)Ê+(t+⌧)Ê+(t)

E

D
Ê�(t)Ê+(t)Ê�(t+⌧)Ê+(t+⌧)

E , (2.37)

=

D
⇡̂†(t)⇡̂†(t+⌧)⇡̂(t+⌧)⇡̂(t)

E

D
⇡̂†(t)⇡̂(t)

E2 . (2.38)

From the quantum regression theorem it follows that

D
⇡̂†(t)⇡̂†(t+⌧)⇡̂(t+⌧)⇡̂(t)

E
= ↵1(⌧)

D
⇡̂†(t)⇡̂(t)

E
st
. (2.39)

In equation 2.39 it follows from the boundary conditions at t = 0 (see equations 2.30-2.34)

that ↵1(⌧) is the population of the excited state |2i at time ⌧, ⇢22(⌧) after the excitation of the

SQE with the SQE initially in the ground state |1i and the remaining factor is the steady-

state value for the excited state population, ⇢22(1). We can then express the second-order

coherence as

g(2)(⌧) =
↵1(⌧)
↵1(1)

=
⇢22(⌧)
⇢22(1)

. (2.40)

It is clear that the time dependence of g(2)(⌧) is dictated by the time-dependent popula-

tion of the excited state, ⇢22(t). The excited state population can be derived from the optical
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Figure 2.2: Two-level SQE. a) The energy diagram of a two-level system with excitation
rate k12 and spontaneous emission rate k21. When the SQE experiences additional optical
decoherence processes, the k21 is replaced by k

0
21 the e↵ective spontaneous emission rate.

b) The g(2)(⌧) for an SQE driven coherently (green, red and blue traces) and incoherently
(black trace). For a coherently driven SQE there are three cases: i) where the only decoher-
ence process is given by k21 (green trace), ii) where there is also zero detuning (blue trace)
and iii) there are significant additional decoherence pathways k

0
21� k21 (red trace).

Bloch equations and the second-order correlation in this case is [136]

g(2)(⌧) =
⇢22(⌧)
⇢22(1)

(2.41)

= 1+
(2k21� k

0
21)[(!0�!)2+ k

02
21]/k

0
21

(!0�!)2+ (2k21� k021)2
e�2k21⌧ (2.42)

�
2k21[(!0�!)2+ (2k21� k

0
21)2]cos[(!0�!)⌧]

k021[(!0�!)2+ (2k21� k021)2]
e�k

0
21⌧

�
4k21(!0�!)(k

0
21� k21)sin[(!0�!)⌧]

k021[(!0�!)2+ (2k21� k021)2]
e�k

0
21⌧

where ⇢22(⌧) is the population of the excited state |2i at time ⌧, ⇢22(1) is the limit of ⇢22(⌧)

when the population of |2i is saturated; and !0 is frequency corresponding to the transition

between the two energy levels and ! is the frequency of a monochromatic driving field,
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E = E0 cos(kz�!⌧). Since this is a rather complex result it is best to focus on three limiting

cases to determine the essential physics at play. In all cases presented in this thesis weak

driving is assumed where ⌦ << k21; here ⌦ and k21 are the Rabi frequency and the life-

time limited spontaneous emission rate. In the first case let us first assume that there are

no additional decoherence processes beyond spontaneous emission (rate k
0
21 = k21). In this

case equation 2.42 reduces to

g(2)(⌧) = 1+ e�2k21⌧�2cos[(!0�!)⌧]e�k
0
21⌧, (2.43)

leading to coherent Rabi oscillations in g(2)(⌧) for small detuning, ! ⇡ !0. In the second

case, a coherent driving field is present in which there is zero detuning, ! = !0, between

the driving field frequency, ! and the resonant frequency of the two-level SQE!0, in which

case

g(2)(⌧) = (1� e�k21⌧)2. (2.44)

In the third case, we presume that the dominant optical decoherence pathways are elastic or

inelastic broadening due to nonideal optical relaxation mechanisms (e.g. spectral di↵usion)

leading to k
0
21� k21. In this case the second exponential term in equation 2.43 goes to zero

for su�ciently large delay times, ⌧, such that k
0
21⌧� 1 and, therefore,

g(2)(⌧) = 1� e�2k21⌧. (2.45)

In the case of o↵-resonantly excited SQE coherence the electronic motion is described

completely by the on-diagonal elements of the density matrix. These elements have a time
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dependence given by the rate equations of atomic populations [136]

⇢̇11 = �k12⇢11+ k21⇢22, and (2.46)

⇢̇22 = k12⇢11� k21⇢22, (2.47)

where k12 is the excitation rate, k21 is the spontaneous emission rate and ⇢ii is the diagonal

density matrix elements, which is equivalent to the probability of the SQE being in the ith

state. Again the populations ⇢22 and ⇢11 are the only populations possible and must satisfy

⇢22+⇢11 = 1. The solutions to the rate equations for ⌧ � 0 are

⇢11 =
k21

k12+ k21
(1+ e�(k12+k21)⌧), and (2.48)

⇢22 =
k12

k12+ k21
(1� e�(k12+k21)⌧). (2.49)

By inspection it is clear that ⇢22(1) = (k12/(k12+ k21) and from equation 2.40 we have

g(2)(⌧) = (1� e�(k12+k21)⌧). (2.50)

A summary of the photon statistics for coherent and incoherently driven two-level SQEs is

provided in Figure 2.2b.

2.2.3.5 Three-level Model for a Single-Quantum Emitter

While the photophysics of some quantum dots can be explained su�ciently by a two-

level atomic model, most SQEs are more complex often requiring additional levels to ex-

plain the observed photodynamics, which leads to additional correlations in their second-

order coherence. In many cases, such as color centers in diamond and single molecules,

we must include a third level, |3i to model the trapping of the electron in a metastable or

shelving state, which is unable to emit photons until it relaxes to the ground |1i state leading

to bunching in g(2)(⌧) at ⌧ > 0 [138]. As shown in Figure 2.3a, we add a third metastable
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Figure 2.3: Three-level SQE. a) the energy diagram of a three-level system with excitation
and spontaneous emission rates k12 and k21 and shelving rates k23 and k31 . b) The g(2)(⌧)
for a three-level SQE with varying shelving amplitudes (0, 0.75, and 1.25).

state that has transition rates k23 and k31 to the original two-level model for a total of four

transition pathways the SQE can take across the three states. In this model we neglect

transition rates k32 and k13 since during o↵-resonant excitation absorption is unlikely for

transitions from |3i to |2i and from |1i to |3i . Since the coherence between levels decays

rapidly in SQEs it is su�cient to use rate equations instead of the optical Bloch equations.

The equations of motion for the three-level system are [138]

˙⇢11 = �k12⇢11+ k21⇢22+ k31⇢33, (2.51)

˙⇢22 = k12⇢11� (k21+ k23)⇢22, (2.52)

˙⇢33 = k23⇢22� k31⇢33, and (2.53)

1 = ⇢11+⇢22+⇢33, (2.54)
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where ⇢33 is the population of the third state |3i. These equations of motion show that

similar to the two-level model, a single electron occupies one of these three states at any

given time. It is often the case that the transition rates k23, k31 associated with metastable

states |3i in SQEs are orders of magnitude slower than that for the excitation (k12) and

spontaneous emission (k21) rates between the ground and excited states, as is the case for

emitters in diamond and single molecules. Solving equation 2.40, given the above rate

equations, yields the second-order correlation function for a three-level SQE with [138]

g(2)(⌧) = 1� (1+a)e��1|⌧|+ae��2|⌧|, (2.55)

where a is the shelving amplitude that determines the amplitude of the photon bunching,

while �1 and �2 are decay rates associated with the excited and metastable state. It can

be shown that the decay pathways (�1, �2) and the shelving parameter a can be written in

terms of the three-level SQE transition rates ki j [138]

�1 ⇡ k12+ k21, (2.56)

�2 ⇡ k21+
k12k23

k12+ k21
, and (2.57)

a ⇡ k12k23

k31(k12+ k21)
. (2.58)

Figure 2.3b displays the e↵ects of varying shelving amplitudes and lifetimes on the photo-

dynamics of a three-level system.

2.2.3.6 Background Correction for the Second-order Correlation Function

For any model the e↵ect of background counts on the measurement must be taken into

account since common background sources such as room light, scattered laser light, and

di↵use photoluminescence from the sample will degrade the measured photon purity of

the SQE. All of the aforementioned background sources have Poisson photon statistics and
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coupling to these sources while measuring an SQE will cause g(2)(0)> 0 [48]. If we assume

a steady state singles count rate S and B for the SQE signal counts and the background

counts, respectively, then we may define a ratio of signal to total counts as

⇢ =
S

S +B
. (2.59)

The measured coincidence counts Cn(⌧), is then

Cn(⌧) = hni2m g(2)
m (⌧) = hni2m (1�⇢2+⇢2g(2)

ideal(⌧)), (2.60)

where hnim is the measured singles counts rate and g(2)
m (⌧) and g(2)

ideal(⌧) are the measured

and ideal second-order coherence functions, respectively, for a given coincidence measure-

ment [48]. It must be noted that this background model does not take into account the

e↵ect of the instrument response function of the single photon counter, which may further

degrade the measured purity of an SQE. For a three-level system the ideal correlation func-

tion is given in equation 2.55, where ⌧1 = 1/�1 and ⌧2 = 1/�2. For a three-level model the

measured second-order coherence is

g(2)
m (⌧) = 1�⇢2[(1+a)e�|⌧|/⌧1 �ae�|⌧|/⌧2]. (2.61)

When no shelving is observed the measured second-order coherence function reduces to

that of the two-level model

g(2)
m (⌧) = [1�⇢2e�|⌧|/⌧1]. (2.62)

Under the condition of zero shelving the threshold for identifying single photon emission is

then g(2)(0) < 0.5, however, for a three-level SQE we must factor in the e↵ects of shelving

on this threshold as bunching can cause the g(2)(⌧) at ⌧ < ⌧2 to exhibit superpoission statis-
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tics. In this case the threshold g(2)
limit is half of the bunched amplitude in the limit where ⌧1

and ⌧ go to zero for g(2)
m (⌧) [107]

g(2)
limit =

1
2

(1+⇢2a), (2.63)

and thus for a three-level system the minimum specification for single photon emission is

g(2)(0) < 1
2(1+ ⇢2a) and in the case of zero shelving (a = 0) this threshold reduces to that

for a two-level model (g(2)(0) < 0.5).

2.2.3.7 Hanbury Brown-Twiss Interferometry

The second-order coherence and correspondingly the single-photon purity of an SQE

is measured using a Hanbury Brown-Twiss (HBT) interferometer that comprises a 50/50

beamsplitter with light entering port 1 of the beamsplitter and the light at its output ports

being collected by two single-photon detectors where the coincident and singles counts are

analyzed by a timer tagger as shown in Figure 2.4a [136]. In 1956 the HBT interferometer

was used to measure the angular size of the star Sirius [139]. A strongly bunched cor-

relation was observed over a range of meters until it damped over a range of kilometers

giving the apparent angular dimension for Sirius. This spurred a flurry of theoretical work

to understand the classical and quantum correlations previously discussed [140]. In this

subsection, we will first review the relevant classical physics of an ideal beamsplitter and

then derive the second-order coherence assuming photons in an arbitrary Fock state are

incident at the input to an HBT interferometer.

An ideal beamsplitter is presented in Figure 2.4b with two input and two output ports

with four identical light beams at each port. The beamsplitter is assumed to be lossless with

no energy dissipation due to reflection o↵ or transmission through the partially silvered

beamsplitter [136]. The light field at the output ports is related to the light field at the input
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Figure 2.4: Hanbury Brown-Twiss (HBT) Interferometer. a) For the HBT interferometer
light enters a half-silvered beamsplitter (BS) and is detected at the outputs of the beamsplit-
ter using detectors D1 and D2; the counts are then timed and recorded using a time tagger.
b) An ideal half-silvered beamsplitter with incident light field E1 and E2 and identical out-
put light field E3 and E4.

ports by the following relations

E3 = R31E1+T32E2, and (2.64)

E4 = T41E1+R42E2,

where Ri j and Ti j are the directionally-dependent reflection and transmission coe�cients

of the beamsplitter. These coe�cients in the non-ideal case are wavelength dependent with

additional losses introduced due to the material properties of the reflector material. By

energy conservation the total energy of the light at the input ports must equal the total

energy of the light at the output ports

|E1|2+ |E2|2 = |E3|2+ |E4|2. (2.65)
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Energy conservation is satisfied for both input light fields (E1,E2) when

|R31|2+ |T41|2 = |R42|2+ |T32|2 = 1, and (2.66)

R31T ⇤32+T41R⇤42 = 0. (2.67)

If we further assume that all reflection (R31 = �R42) and transmission (T32 = T41) coe�-

cients are identical, respectively, then equations 2.66 and 2.67 simplify to

|R|2+ |T |2 = 1, and (2.68)

RT ⇤+TR⇤ = 0. (2.69)

It can be shown that when the electric field, Ei, is quantized we have the following ladder

operators, âi, associated with the output of the beamsplitter [136]

â3 = Râ1+Tâ2, and (2.70)

â4 = Tâ1+Râ2.

Here each âi is associated with each Ei as shown in Figure 2.4b. We assume the input

light fields are independent, in which case we have the following commutation relations

[âi, â†i ] = 1 for i = 1,2 and [âi, â†j] = 0 for i, j = 1,2 and i , j. The commutation relations for

the output fields are given by

[â3, â†3] = [Râ1+Tâ2,R⇤â†1+T ⇤â†2] = |R|2+ |T |2 = 1, and (2.71)

[â3, â†4] = [Râ1+Tâ2,T ⇤â†1+R⇤â†2] = RT ⇤+TR⇤ = 0, (2.72)

which are equivalent to the conditions for energy conservation in the classical deriva-

tion [136]. We now define the photon number operator for an ideal beamsplitter at each
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arm as n̂i = â†i âi for i = 1,2,3,4. From the ladder operators for the beamsplitter output in

the system of equations 2.70 it can be seen that

n̂3 = |R|2n̂1+TR⇤â†1â2+T ⇤Râ†2â1+ |T |2n̂2, and (2.73)

n̂4 = |T |2n̂1+T ⇤Râ†1â2+R⇤Tâ†2â1+ |R|2n̂2. (2.74)

With these properties of the ideal beamsplitter presented let us now return our attention

to the HBT interferometer to derive the second-order coherence for the case of photons in a

Fock state incident on the interferometer. Let us assume an arbitrary Fock state at input port

1 and a vacuum state at port 2 as (see in Figure 2.4b) giving an input product state |ni1 |0i2
where the subscripts of the kets indicate the port input numbers. With the number operators

for the output light in equation 2.73 and 2.74 let us now determine the expectation values

hn̂3i and hn̂4i at the output ports of the beamsplitter

hn̂3i = h0|2 hn|1 n̂3 |ni1 |0i2 , (2.75)

= h0|2 hn|1 |R|2n̂1+TR⇤â†1â2+T ⇤Râ†2â1+ |T |2n̂2 |ni1 |0i2 ,

= |R|2 hn̂1i .

Similarly we have

hn̂4i = |T |2 hn̂1i . (2.76)

We may also use the number operators n̂3 and n̂4 to evaluate the second-order expectation
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hn3n4i, that is, the coincidence counts for the HBT interferometer

hn3n4i = h0|2 hn|1 n̂3n̂4 |ni1 |0i2 , (2.77)

= h0|2 hn|1 (|R|2n̂1+TR⇤â†1â2+T ⇤Râ†2â1+ |T |2n̂2)(|T |2n̂1+T ⇤Râ†1â2+R⇤Tâ†2â1

+ |R|2n̂2) |ni1 |0i2 ,

= R⇤RTT ⇤ h0|2 hn|1 â†1â1â†1â1 |ni1 |0i2+R⇤TR⇤T h0|2 hn|1 â†1â1 |ni1 |0i2 ,

= |R|2|T |2 h0|2 hn|1 â†1â1â†1â1� â†1â1 |ni1 |0i2 ,

= |R|2|T |2 h0|2 hn|1 â†1â†1â1â1 |ni1 |0i2 ,

= |R|2|T |2 hn̂1(n̂1�1)i ,

where we have used equation 2.69. From equations 2.75-2.77 it is clear that the HBT

interferometer provides a direct measure of the second-order coherence

g(2)(⌧) =

D
â†â†ââ

E

D
â†â
E2 =

hn1(n1�1)i
hn1i2

. (2.78)

2.2.4 Two-photon Interference: Hong-Ou-Mandel Interferometry

In this subsection, I discuss photon indistinguishability. Quantum networks require

high fidelity between quantum processing nodes to allow for the transmission of quantum

information across long distances [61]. Therefore, the light emitted from any SQE should

be completely inidistinguishable in which no degree of freedom (spatial, temporal, spec-

tral, polarization) can be used to distinguish between the photons emitted from the same

or di↵erent SQEs. However, due to multiple optical decoherence pathways, SQEs may be

limited in their probability of generating indistinguishable photons. To determine that the

stream of photons from a SQE or that two SQEs photon streams are indistinguishable, the

photons emitted from the SQE(s) must be fed to both input ports of a half-silvered beam-

splitter where they interfere at the beamsplitter and form an interference pattern known

as Hong-Ou-Mandel (HOM) interference. The visibility of the fringe (the HOM dip) is a
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measure of the two-photon indistinguishability [61, 60, 136]. Photon indistinguishability

is measured using a HOM interferometer, which, like the HBT interferometer, comprises a

50/50 beamsplitter with equal reflectivity r and transmissivity t, two single-photon detec-

tors and a time tagger.

Single-quantum emitters may have properties that make their photons distinguishable

such as phonon sideband emission and spectral di↵usion. We, therefore, consider a multi-

mode input wave function h mi given by [141]

h mi = h�1i h�2i = A2ei(�1+�2)u11u22, (2.79)

where h�ii = Aei(� j)ui j are the wave functions for the ith photons incident at the jth input

port of the beamsplitter, with the same amplitude A, photon-mode function ui j and �i is

the photon phase at input port j. It can be shown that at the output of the beamsplitter the

two-photon wave function is [141]

⌦
 out,m

↵
= A2ei(�1+�2)[tr0u11u21+ rt0u12u22+ tt0u11u22+ rr0u12u21], (2.80)

= A2ei(�1+�2)[tr0u11u21+ rt0u12u22+ (tt0+ rr0)u2],

where t, r, t0 and r0 are the transmissivity and reflectivity for the two sides of the beam-

splitter, respectively. The first two terms are distiniguishable whereas the last two terms

correspond to each output photon going to a separate port. The last two terms are indis-

tinguishable if they are summed and their photon modes are equal: u1 j = u2 j = u [141].

These terms are illustrated in Figure 2.5a. Due to energy conservation from the input to

output of a 50/50 beamsplitter the phases of the reflectivities and transmissivities satisfy

�t+�t0 ��r��r0 = ⇡. Hence for a half-silvered beamsplitter we have the following relation
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for the last two terms in equation 2.81

A2ei(�1+�2)(tt0+ rr0)u2 / tt0+ rr0, (2.81)

= ei(�r+�r0 )[ei(�t+�t0��r��r0 )+1]/
p

2,

= ei(�r+�r0 )[ei⇡+1]/
p

2,

= 0

and thus due to destructive interference the last two terms in in equation 2.81 sum to zero

and no photons are observed at the output ports of the beamsplitter [141]. This result is due

to the cancellation of the output phases of the photons and thus, the indistinguishability of

photons is dependent entirely on the similarity of the photon modes.

Experimentally, indistinguishability is measured with a HOM interferometer in which

the coincidence counts are recorded for the photons output from the beamsplitter. We would

expect for the case of two ideal SQEs, whose photons are incident on a HOM interferom-

eter that no coincident counts, save for background counts, would be recorded. However,

for a non-ideal SQE photon indistinguishability requires the overlap of all modes (spatial,

temporal, polar, etc.). For example, if the delay between input arms is nonzero then the

temporal mode of the two input photons will not overlap and the counts coincident within

some time window (i.e. the coincident counts) will increase. If we sweep this delay we will

observe an interference fringe known as a HOM dip, which is a key signature of photon

indistinguishability [141] as seen in Figure 2.5b.

For a SQE that emits all photons in the same spatial mode, we may only consider its

spectral mode as having an e↵ect on photon indistinguishability. When a SQE is Fourier-

limited in its spectral linewidth, each photon can be described with the same coherent

spectral mode, then any photons the SQE emits are indistinguishable. When SQE emitted

photons have Fourier-limited linewidths the emission spectrum is equivalent to the Fourier

transform of its time-resolved photoluminescence with linewidth 1/2T1, where T1 is the
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Figure 2.5: Two-Photon Indistinguishability. a) The four possible trajectories for the two
photons in a HOM interferometer. b) The HOM dip of coincident counts is a function of
the relative delay between single-photon wave packets

optical lifetimes of the SQE. Unlike the case in which a SQE exhibits pure spontaneous

emission and thus emits indistinguishable photons, optical decoherence degrades the indis-

tinguishability expected for an SQE. In these cases, the linewidth of the spectral mode is

broader than the Fourier-transform of the time-domain profile of the emitted photons [142].

This broadening is due to fluctuation in the resonant frequency and can be due to dephas-

ing, or spectral di↵usion. We will now briefly discuss these decoherence mechanisms, their

properties and how they specifically degrade photon indistinguishability.

First, interactions of an SQE with a bath of phonons cause the state vector to lose phase
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as a function of time along the Bloch sphere transverse plane with dephasing time constant

T2. The dephasing time constant is related to the SQE optical lifetime by

1/T2 = 1/2T1+1/T ⇤2 , (2.82)

where T1 is the optical lifetime of the SQE and T ⇤2 is the pure dephasing due to interactions

with a phonon bath [142]. Second, spectral di↵usion is the drifting or jumping in the optical

frequency due to interactions with the dipole moment of the SQE. This leads to photons

emitting into di↵erent spectral modes and thus are distinguishable [142]. Spectral di↵usion

may be negligible in its dephasing contribution only in the case where the delay between

emitted photons is shorter than the spectral di↵usion time.

2.2.5 The Photon Emission Rate and Quantum E�ciency of SQEs

In this final subsection we focus on the photon emission rate and the intrinsic quantum

e�ciency of an SQE ignoring extrinsic optical e�ciency, which degrades the quantum

e�ciency due to optical losses in the collection path of a confocal microscope, for example.

As we have seen in subsections 2.2.3.4 and 2.2.3.5 the photophysics for color centers is

generally well explained using simplifying two- or three-level models. In the case of an

SQE modeled as having only two atomic states we presume that the excitation rate k12 and

the excitation power Pexc are proportional with

k12 = �Pexc, (2.83)

where � is a constant. The product of the equilibrium population ⇢22(1) = k21/(k12 + k21)

of the excited state |2i and the excitation pumping rate k21 gives the photon emission rate

IR

IR(Pexc) =
k21Pexc

Pexc+Psat
, (2.84)
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where Pexc = k12/� and Psat = k21/� is the saturation power in which IR is linear with Pexc

when Pexc < Psat and IR approaches the asymptotic limit of k21 otherwise, (i.e. power

saturation).

For a SQE modeled as a three-level system there are additional non-radiative decay

pathways k23 and k31 associated with the shelving state. Solving the rate equations in 2.51-

2.54 and taking the steady-state limit for the excited state population gives

⇢22(1) =
k21

k12/+ k21+ k23
, (2.85)

where  = (1+k23/k31)�1. We again assume linear dependence on power and the excitation

rate and also define Psat = (/�)(k21+ k23). We now can state the photon emission rate for

a three-level model as

IR(Pexc) =
k21Pexc

Pexc+Psat
. (2.86)

The factor  has the e↵ect of slowing the emission rate i) when k23 > 0 and ii) by greater

than half of k21 when k23 > k31.

The quantum e�ciency for any SQE is the radiative decay rate normalized to the sum

of the radiative and non-radiative decay rates

QE f f =
�rad

�nrad +�rad
. (2.87)

For the two-level model there are no or negligible non-radiative pathways assumed and the

quantum e�ciency is assumed to be 100%. For the three-level model we have radiative

decay, k21 and non-radiative decay rates k23 and k31 and the quantum e�ciency is given by

QE f f =
k21

k21+ k23+ k31
. (2.88)
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Chapter 3

Background in Hexagonal Boron Nitride SQEs

Color centers in hexagonal boron nitride (hBN) are a promising platform for SQEs

and solid-state quantum memories. As noted in chapter 1, their primary advantages are

their brightness, their photostability at room temperature and their optically accessible spin

states. However, the inability to identify the atomic structure of experimentally observed

defects has delayed progress in i) identifying the Hamiltonian of experimentally observed

defects and ii) controlling these defects for SQE and quantum memory applications. In

this section, we will review hBN as a host material for defects. We will also review the

following properties of hBN defects: electron-phonon coupling, emitter categorization,

excited-state structure, ZPL temperature dependence, spin properties and excitation mech-

anisms.

3.1 Hexagonal Boron Nitride as a Host Material for Defects

Hexagonal boron nitride is an insulating layered white material where each boron and

nitrogen atom is sp2 hybridized forming a honeycomb lattice structure with lattice con-

stants a = b = 0.2504 nm and c = 0.665 nm [143]. The bond structure between the nitrogen

and boron atoms are polar covalent bonds due to the di↵erence in electronegativity be-

tween nitrogen and boron. There are no direct bonds between layers and instead, weak

van der Waals interactions loosely bond each layer to the other. Furthermore, since hBN

is a van der Waals material, SQEs can be integrated into heterostructures. In addition to

these properties, hBN has a large and indirect bandgap of 5.96 eV [144]. Hence a mo-

mentum mismatch between the valence and conduction bands requires either a phonon or

a crystallographic defect interaction to overcome the momentum mismatch. However, this

large bandgap allows for photostable visible and near-infrared SQEs to be formed deep

in the bandgap of hBN. The Raman accessible LO(�) phonon mode in hBN is a key sig-

nature of the layer thickness with monolayers (1,367.5 cm1 ), multilayers (1,366.6 cm1)
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and bulk Raman (1,365.1 cm1) shifts reported [145]. Additionally the ⇠169 meV and the

199.6 meV LO(�) modes [146] have peak energies consistent with observed peak optical

phonon-sideband in hBN defects [145, 147]. However, due to the poor understanding of

the identity of hBN defects, local modes cannot be ruled out as sources of optical-phonon

sideband emission.

3.2 Electron-Phonon Coupling in hBN Emitters

Figure 3.1: Configuration coordinate diagram for a two-level emitter, adapted from [1]

Defect photoluminescence is due to radiative transitions between electornic states and

how these states couple to localized vibrational modes and lattice phonons. This can be

explained with the use of a coordinate diagram as shown in Figure 3.1. Here we plot the

potential energy for the ground and excited state of a two-level defect with respect to the

nuclear coordinate describing the lattice configuration. Both the ground |gi and excited

|ei electronic states are coupled to the vibrational energy levels of the lattice |ni and |n0i,

respectively. At a temperature of absolute zero the defect is in the ground electronic and

vibrational states |gi |n = 0i. Relative to the ZPL nuclear coordinate Q0 for the ground
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state |gi |n = 0i the nuclear coordinate is displaced to Q00 due to each state having di↵erent

electrostatic potentials, which deform the lattice [1]. An input photon may pump the defect

into the excited state |ei |n0i via a vertical transition that occurs immediately without altering

the defect or lattice geometries according to the Born-Oppenheimer approximation. The

defect then quickly thermalizes to the vibrational ground state |ei |n0 = 0i and the defect

may then relax via radiative decay from the |ei |n0 = 0i to the |gi |ni state with a probability

given by the overlap integral between the n- and n0-phonon wavefunctions, known as the

Frank-Condon factor Fn0
n . If we assume only linear vibrational modes are present ( f = f 0)

then the Fn0
n is given by

Fn0
n = e�S S n�n0 n0!

n!
(Ln�n0

n (S ))2 (3.1)

where the strength of the electron-phonon coupling between the defect and the lattice is

given by the Huang-Rhys factor S, and Ln�n0
n are Laguerre polynomials [1]. At zero kelvin

the phonons in the excited state |ei |n0i are depleted and n0 = 0. The overlap integral then

becomes Fn0
n = e�S S n/n!. The distribution of the phonons created during radiative decay

to the ground state is described by a Poisson distribution with mean S. The spectral weight

of the ZPL, the Debye-Waller Factor at zero kelvin, is then e�S .

Microphotoluminesence microscopy can be used to evaluate the electron-phonon cou-

pling and to determine the peak phonon modes of an emitter. For hBN emitters, opti-

cal one-phonon energies of 160±5 and 200±5 meV redshifted from the ZPL have been

observed [148, 2]. For ultraviolet defects these phonon energies have been attributed to

TO(M)/LO(K) and zone center LO(�) optical phonons, respectively [148]. Here TO(X)

and LO(X) are transverse or longitudinal optical phonons located at the critical point X in

the Brillouin zone. For the 200 meV phonon, it was assumed that optical phonons centered

in the Brillouin zone (zone center) couple to the electron through the Frolich interaction.

The interaction scales as the inverse of the phonon wave vector leading to a singularity in
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the electron-phonon matrix element for LO(�) phonons causing a large transition at 200

meV redshifted from the ZPL despite the negligible density of states for LO(�) phonons in

hBN. However, this argument does not consider the local modes of the defect. E↵orts have

been made to identify the local vibrational modes of hBN defects using first-principle den-

sity functional theory assuming carbon- or nitrogen-based color centers [125]. But to date

calculated local modes do not agree with experimentally observed peak phonon energies

from photoluminescence spectra.

3.3 Phenomenological Categorization of Emitters: Group I and Group II

Recent optically detected magnetic resonance (ODMR) studies have reported i) defects

with a ground state triplet and ii) carbon related defects as having optically addressable

spin identifying the negatively charged boron vacancy (V �
B ) and the negatively charged

carbon defect (VBC �N ) as defect candidates, respectively [100, 123]. However, to date,

the atomic structure of experimentally observed defects in hBN has yet to be determined

conclusively through transmission electron microscopies. This leaves the electronic states

for the majority of experimentally observed defects poorly understood. While currently,

and in general, it is infeasible to determine the selection rules and the Hamiltonian of a

given hBN defect, the community has instead resorted to a phenomenological classification

of defects into two groups (I and II) based on their observed electron-phonon coupling,

the linewidth of the zero-phonon line (ZPL), and the energy range of the ZPL as shown

in Figure 3.2. Group I emitters exhibit a stronger electron-phonon coupling than group

II emitters with a pronounced one-phonon sideband doublet, and an asymmetric ZPL as

shown in Figure 3.2a ZPL [2].
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Figure 3.2: Microphotoluminesence classification of hBN emitters. a) Spectra of group I
emitters at room temperature have asymmetric ZPLs with broad linewidths and a prominent
phonon sideband. b) Spectra of group II emitters at room temperature have a symmetric
ZPLs with narrow linewidths and up to 80% of the emission into the ZPL. This figure was
adapted from [2]

The electron-phonon coupling strength is quantified by the Huang-Rhys factor S, and

the probability of emitting into the ZPL is given by the Debye-Waller factor l = e�S , which

ranges from 0.15-0.60 for group I emitters. The peak energy of the ZPL for group I emitters

ranges from 1.8-2.6 eV and has linewidths ranging from 0.08 to 0.35 meV at 4K [149, 2].

Group II emitters (see Figure 3.2b) have much less pronounced phonon sidebands with

Debye-Waller factors ranging from 0.50 to 0.80. Their ZPL peak energies are in the near-

infrared range (1.4-1.8 eV) and their ZPL linewidths are narrower ranging from 0.04 to 0.08

meV [149, 2]. For both group I and group II emitters the peak energy of the one-phonon

sideband is at 160±5 meV meV [2, 148].

Additionally, group I and II emitters exhibit shelving peaks in the photon statistics
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indicating the presence of metastable shelving states [121, 2]. Here the shelving state is

the third state in the three-level model for an SQE. For group I emitters, the presence of

multiple metastable states has been observed in recent photophysics studies where two

shelving states were found to exist based on best fits to rate equation models for second-

order coherence statistics using a �2 comparison test of models with 1,2 and 3 shelving

states [121]. Group II emitter photophysics have yet to be studied in rigorous detail, but

initial reports of second-order coherence at long time scales indicate the presence of more

than one shelving state with shelving lifetimes ranging from ⇠ 10 to ⇠ 10000 ns [2].

3.4 Electronic Structure of hBN Emitters

Initial experiments on group I and II hBN emitters indicate the existence of a third

excited state. Polarimetry experiments reported a misalignment in their absorption and

emission dipole moments implying an indirect excitation pathway and at least two excited

states [105, 107]. The existence of a complex excited state structure is also supported by

a study where discrete spectral jumps ⇠ 100 nm were observed under 405 nm excitation

whereas a small fraction of defects emits upon 532 nm excitation [150].

To date, two studies have investigated the existence of multiple excited states in a cross-

section of group I hBN emitters. The first is a survey of polarimetry on hBN emitters whose

results fail to be supported by a Huang-Rhys model involving two electronic states [1]. The

second is a study evaluating the e↵ects of global strain. This study has shown a strain-

dependence of the misalignment angle between absorption and emission dipoles requiring

a three-level model to explain the wide range in which strain can tune the ZPL of hBN

SQEs [123]. In this section, we will review these two topics and their relevance for future

studies of the excited state structure in hBN defects.

In [1] spectrally resolved optical absorption and emission polarimetry was collected at

cryogenic temperatures on single defects in hBN with g(2)(⌧) < 0.5. The observed emission

and absorption dipole moments were compared to a Huang-Rhys two-level model as a
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function of the phonon energy for each defect. The aligned emission and absorption dipole

moments are found to agree with the two-level Huang-Rhys model when the di↵erence

between the excitation light (Eexc) and the ZPL (EZPL) is less than the maximum phonon

energy [1]. However, when |Eexc � EZPL| exceeds the maximum phonon energy the two-

level model fails to explain the emission and absorption dipole alignment, which implies a

third excited state mediates the ZPL emission.

In an extensive survey of hBN defects, it was found that absorption and emission dipole

moments of hBN defects were aligned when spectrally filtering on energies below the max-

imum one-phonon sideband energy [1]. But the dipole moments were misaligned up to

90o when filtering on energies above the one-phonon sideband in disagreement with the

Huang-Rhys model suggesting a third excited state is required to explain the observed mis-

alignment. However, in the higher-energy regime defects were observed that did not have

their dipoles misaligned. This could be due to a di↵erence in the absorption cross-section

coupling to the excitation light. To test this, polarimetry was conducted on the same ZPL

when excited by a 532 nm and 473 nm laser. It was found that for the 532 nm case the

dipoles were aligned whereas for the 473 nm case the dipoles were misaligned by 50o [1].

This confirms that laser detuning can induce direct or indirect electron absorption in hBN

point defects.

Recent strain-induced photophysics studies have also supported the existence of a third

state in a subset of hBN emitters [123]. In that study, the emission dipole orientation and

ZPL energy were found to be dependent on the applied tensile strain. Furthermore, the

reorientation of the emission dipole cannot be explained using a model for the linear static

strain involving only two states. Instead, the existence of a third state is assumed, having

the same spin multiplicity as the ground and first excited states. With this three-level model,

it is determined that the mixing between the second excited and the first excited and ground

states in the strain potential is responsible for the tunable dipole misalignment.
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3.5 Temperature dependence of the ZPL

The zero-phonon lines peak energy and linewidth temperature dependence have been

investigated [151, 152]. A redshift and broadening of the ZPL linewidth have been ob-

served when heating group I and group II emitters from 4 to 300K [151]. An additional

study confirmed this redshift and broadening by heating from 300 to 800K and found both

to be reversible [152]. It has been proposed that the redshift in the ZPL is due to the ex-

pansion of the lattice upon heating. Whereas the broadening of the ZPL linewidths has

been attributed to piezoelectric coupling to acoustic phonons to account for the exponential

temperature dependence of the ZPL linewidth [151]. Impressively, the photostability of the

defect emission is maintained even at exceedingly high temperatures (800K) [152].

3.6 Spin Properties of Defects in hBN

An understanding of the spin properties of solid-state defects is necessary to control

and detect spin states for use as quantum memories. In this section, I review the mangeto-

optical and spin properties of SQEs in hBN. In initial work species of hBN SQE were found

to be nonmagnetic exhibiting no Zeeman splitting in the ground state manifold when the

SQE is placed in a static magnetic field [99]. These SQEs were shown to be spatially over-

lapped with structural defects in hBN and having narrow ZPLs consistent with the group II

emitter classification [99]. However, additional work has shown that a few percent of emit-

ters surveyed do exhibit a magnetic field-dependent anisotropy in their photoluminescence,

while the remaining SQEs have no magnetic properties [104]. A magnetic field-dependent

modulation in the intensity of these select SQEs is indicative of optically addressable spin

states, although there is a lack of any observable Zeeman interaction. Both of these points

are consistent with a spin-dependent intersystem crossing between a singlet-ground and

triplet-excited states [104].

However, recent optically detected magnetic resonance (ODMR) experiments have re-

ported a defect ensemble in neutron-irradiated bulk-hBN crystals with a triplet-ground
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state. The triplet nature of the ground state was confirmed by clear evidence of a Zee-

man interaction, zero-field splitting and microwave-driven transitions between the ms = ±1

and ms = 0 levels inducing spin-dependent optical contrast (dimming of the photolumi-

nescence) [100]. This defect is identified as the negatively charged boron vacancy (V �
B )

given that theory has predicted the V �
B to have a, i) positive zero-field splitting (D) [153],

ii) D3h symmetry with a C3 axis parallel to the c-axis of the hBN crystal [153, 118], and

iii) S = 1 triplet ground state with a spin-dependent intersystem crossing [153], which are

consistent with the findings in recent electron paramagnetic resonance and ODMR experi-

ments [100, 103].

In contrast with these observations, recent experiments on carbon implanted bulk-hBN

have verified that group II emitters exhibit optically accessible spin states via ODMR stud-

ies and that the emission for visible SQEs in hBN is in part due to carbon related de-

fects [154]. In the same paper time-domain density functional theory further indicates that

the defect is likely the negatively charged VBC �N defect. To date, the e↵ect of the dimen-

sionality (bulk-hBN, monolayer-hBN) has on the energetics for the VBC �N and V �
B defects

has yet to be explored.

3.7 Excitation Mechanisms for hBN Defects

In this section, we will review the excitation schemes used to drive hBN defects into

their excited state(s). The collection scheme used nominally is an o↵-resonance excita-

tion [145, 155] usually consisting of a 532 nm continuous wave laser. To separate the

photoluminescence from the laser only a low-pass filter or dichroic mirror is necessary.

While this approach is simple it can excite fluorescent background leading to degradation

in the SQE purity. This is due to the small cross-section of o↵-resonant light that ex-

cites the SQE. Furthermore, o↵-resonant excitation schemes cannot coherently control the

state of the SQE and instead the SQE spontaneously emits photons. A specialized form

of o↵-resonant excitation is Antistokes driving, which has been shown to partially miti-
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gate the e↵ects of spectral di↵usion [156]. In this case, the pumping wavelength drives the

SQE such that the transition for the excited electronic state is mediated by lower-energy

vibronic states. This enables the e↵ective cross-section of surface-charges being excited,

which causes spectral di↵usion, to be reduced. This is because the e↵ective cross-section

usually increases with increasing excitation energy [156]. Alternatively, resonant excita-

tion [106] can be employed to i) improve the SQE purity and ii) drive the SQE coherently to

control the quantum state of the SQE. Filtering the laser light from the SQE PL is done by

either i) collecting only the phonon-sideband using bandpass filters or ii) cross-polarizing

the laser and PL.

44



Chapter 4

Phonon-induced multi-color correlations in hBN single-photon emitters

In this chapter I will address characterizing the electron-phonon coupling of hBN de-

fects. I will model the electron-phonon coupling evident in photoluminescent spectra of a

hBN defect thereby characterizing the phohon modes coupled to the defect orbital. I will

then use two-color HBT interferometry to show that all the phonon modes and the ZPL are

cross correlated with one another as expected for the vibronic modes of a defect. This is

the first confirmation of phonon sideband emission using HBT interferometry.
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4.1 Abstract

Color centers in hexagonal boron nitride have shown enormous promise as single-

photon sources, but a clear understanding of electron-phonon interaction dynamics is criti-
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cal to their development for quantum communications or quantum simulations. We demon-

strate photon antibunching in the filtered auto- and cross-correlations g(2)
lm (⌧) between zero-,

one- and two-phonon replicas of defect luminescence. Moreover, we combine autocorrela-

tion measurements with a violation of the Cauchy-Schwarz inequality in the filtered cross-

correlation measurements to distinguish a low quantum-e�ciency defect from phonon

replicas of a bright defect. With no background correction, we observe single photon pu-

rity of g(2)(0) = 0.20 in a phonon replica and cross-spectral correlations of g(2)
lm (0) = 0.18

between a phonon replica and the zero phonon line. These results illustrate a coherent in-

terface between visible photons and mid-infrared phonons and provide a clear path toward

control of photon-phonon entanglement in 2D materials.

4.2 Introduction

The recent discovery of a wide class of defect-based single photon emitters (SPEs) in

hexagonal boron nitride (hBN) has spurred significant interest in the development of two-

dimensional (2D) materials and van der Waals heterostructures [145, 155, 107, 98, 157,

152]. Defects in hBN have narrow linewidths [157], bright emission [145], small Huang-

Rhys factors [145, 107], and are stable at temperatures as high as 800K [152]. Stable SPEs

in hBN thus far have only been categorized phenomenologically into two groups on the ba-

sis of the phononic contributions to their spectra. Group I color centers have an asymmetric

zero-phonon-line (ZPL) sideband [105, 155] and a doublet optical phonon sideband red-

shifted ⇠ 160(5) meV from the ZPL [145, 105, 158, 150, 159, 155, 152]. Group II defects

have a symmetric ZPL and less pronounced optical phonon sidebands [155].

The state structure of hBN defects, the large variance in ZPL energies, and the electron-

phonon dynamics and energetics remain poorly understood. Improved understanding of

these properties will drive the development of 2D hybrid quantum systems that leverage

quantum coherent photonic and phononic interactions to generate indistinguishable single

photons and to enable quantum frequency conversion [148]. Coherent phonon-emitter cou-
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pling has been explored in depth for diamond color centers, resulting in the observation of

phonon-mediated photon bunching [160], quantum teleportation from photonic to phononic

states [161], phononic quantum memories suitable for storing single photons [162, 163],

and room-temperature phononic quantum processing [164].

In this Letter we explore the electron-phonon dynamics of group I defects in few-layer

hBN with one- and two-color Hanbury Brown-Twiss (HBT) interferometry and micro-

photoluminescence (µPL) spectroscopy. We provide the first evidence of single-phonon ex-

citation and photon-phonon entanglement in 2D materials by measuring antibunching in the

one- and two-phonon replicas of a hBN color center and we use violations of the Cauchy-

Schwarz inequality in two-color cross-correlation measures to distinguish low quantum-

e�ciency defects from phonon replicas of bright defects. These measurements demonstrate

that hBN is an ideal platform for generating single mid-infrared phonons by optical excita-

tion because of the weak electron-phonon coupling in hBN compared with diamond. This

is a critical step toward the realization of deterministic single-phonon sources and acoustic

quantum transducers that have been proposed in recent years [165, 166].

4.3 Results & Discussion

We used a custom confocal microscope to excite color centers in hBN with a 405

nm CW source. Nineteen group I defects with ZPLs varying from 1.7-2.7 eV were sur-

veyed [167] with µPL and HBT interferometry, and a single defect exhibiting minimal cou-

pling to other defects was chosen for more detailed spectroscopy. Background corrected

µPL spectra were collected at temperatures of 3.6K and 300K, photon antibunching was

measured for each transition identified in the µPL spectra, and photon cross-correlations

were measured for each pair of transitions. Further details on the experimental appara-

tus are available in the supplemental material [167]. As seen in Fig 5.1 and Fig 5.2(a),

the group I defect examined here has a ZPL at 2.21 eV with a linewidth that broadens

from 1.3 to 20 meV with increasing temperature, consistent with a temperature-dependent

47



Figure 4.1: Background corrected defect µPL spectrum (blue) collected at 3.6 K, calculated
µPL with (red dashed curve) and without (black curve) Lorentzian filters. The calculated
one-phonon DOS is shown in the inset. The µPL spectrum calculated with the one-phonon
DOS and Lorentzian filters approximating the selection rules present in this material pro-
vides a reasonable reproduction of the ZPL and the one-phonon replicas, but an additional
transition appears in the experimental µPL spectrum that is not present in the calculated
filtered two-phonon replicas
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Debye-Waller factor associated with acoustic phonons [105]. hBN defects with ZPLs near

2.21 eV remain poorly classified[168], but the results discussed here are relevant to broad

classes of defects in hBN. Phonon sidebands were observed redshifted by 166, 177, 200,

326, 343, 359 and 395 meV from the ZPL in agreement with Raman spectroscopy, in-

elastic x-ray scattering experiments and ab initio calculations of the phonon dispersion for

hBN [169, 170, 171, 172, 173].

In order to explain the vibronic structure of a specific defect, both localized defect vibra-

tions and delocalized lattice vibrations should be considered. Although lattice phonons are

well defined, the defect vibrational modes that are determined by defect structure and com-

position are not. Even in the case of known defects, such calculations are challenging even

for hBN monolayers [109]. Here we will consider a limiting case assuming that the main

contribution to the vibronic spectrum is given by lattice phonons. As we show below, this

assumption provides a reasonably good agreement between the measured and calculated

spectra.The inset of Fig. 5.1 illustrates the calculated one-phonon hBN density of states

(DOS). The TO(M)/LO(K) (166 meV) and LO(T) (177 meV) phonon modes in the phonon

DOS are also well-defined in the measured PL spectrum. The measured single-phonon

replica 200 meV to the red of the ZPL can be described as a result of a Fröhlich interaction

that scales inversely with the phonon wavevector so that even in the case of small single-

phonon DOS, a diverging electron-phonon matrix element results in a significant LO(�)

phonon replica at 200 meV [148]. Two-phonon replicas were observed redshifted from

the ZPL by 326 meV (2TO(M)/2LO(K)), 343 meV (LO(T) + TO(M)/LO(K)), 359 meV

(LO(�) +TO(M)/LO(K)) and 395 meV (2LO(�)).

In order to better validate this description of the µPL spectrum, we modeled each

phonon replica in terms of a change in vibronic state at a rate modeled by Fermi’s golden

rule. We describe excitedei = |E,mi and ground ef = |G,ni vibronic states, where m and

n are the vibrational states of the lattice, and the electronic dipole operator µ is assumed

to be independent of the nuclear coordinates. The emission spectrum cross-section is then
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proportional to the transition rate from |E,mi to |G,ni

�(!) =
16⇡2c

h̄!
|hef |µ|eii|2�(!efei�!), (4.1)

which can be approximated to first order as

8⇡c|µ|2
h̄!

e�S
Z 1

�1
dteit(!GE�!)eS ⇣(t), (4.2)

where ⇣(t) is given by

Z
d⌦(⇢(⌦)/⌦2)[(n(⌦)+1)ei⌦t +n(⌦)e�i⌦t], (4.3)

where ! is the emission frequency, !EG is the frequency of the electronic transition, ⌦ is

the vibrational frequency, HG and HE are the nuclear Hamiltonians for point defects in the

ground and excited states, and µ is the matrix element of the electric dipole operator of the

point defect [174, 175, 176]. S is the Huang-Rhys factor, n(⌦) the thermal average number

of phonons and ⇢(⌦) the total density of phonon states. For our calculation of the emission

spectrum, the empirically determined Huang-Rhys factor (S), a phenomenological term

accounting for the observed acoustic phonons [107, 148], and the calculated one-phonon

density of states shown in the inset of Fig 5.1 were used to approximate ⇢(!). Based on ex-

perimental observation, we assumed that the TO(M)/LO(K) (166 meV), LO(T) (177 meV),

and LO(�) (200meV) modes were the dominant one-phonon modes. Hence, the calculated

one-phonon density of states was re-weighted using three Lorentzians centered at each of

these one-phonon modes. The calculated emission spectrum, plotted in Fig 5.1, reproduces

all of the essential features of the experimental spectrum except for the measured feature

343 meV redshifted from the ZPL. Further details on the emission spectrum cross-section

may be found in the supplemental material [167].

For a single defect, the selection rules determined by µ allow transitions of only one
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Figure 4.2: (a) Background corrected room temperature (blue) and 3.6K (red) PL spectrum
of a hBN defect (the inset illustrates a HBT interferometer with two single-photon detectors
(D1 and D2), tunable bandpass filters (F1 and F2), and high speed time correlation electron-
ics (TC)). The filters are actively tunable from 1.75-2.95 eV, enabling spectrally-resolved
single photon detection across the bandwidth of all observed SPEs. (b-e) Frequency-filtered
two-photon autocorrelations g(2)

ll (⌧) (blue), median fits (red), and 95% credibility intervals
(black) for the two-phonon replicas (2), LO(�) and LO(T) replicas (10), TO(M)/LO(K)
replicas (1), and ZPL (0), respectively. The colored bands (0,10,1,2) in (a) are the spectral
ranges of the bandpass filters used for each of the autocorrelation measurements in (b-e).
The mean and standard deviation for g(2)

ll (0) are inset in panel (a)-(e).
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electron from |E,mi to |G,ni within the coherence lifetime of the electron. Hence this

indicates that all transitions |E,mi to |G,ni should be strongly anti-correlated, while a mid-

infrared phonon should be strongly correlated with each phonon replica. However, back-

ground luminescence, uncorrelated color centers, and incoherent coupling dynamics can

all suppress the expected correlations. Hence, we next investigate the correlation dynamics

experimentally using colored-HBT interferometry to measure g(2)
lm (⌧) for phonon mediated

transitions l and m.

For the colored HBT experiments, tunable bandpass filters with bandwidth of 20 nm

were used to select the ZPL, one- and two-phonon sidebands. While low-temperature PL

was used to map the phonon replicas to the phonon DOS in Fig. 5.1, all auto- and cross-

correlation measurements employed room-temperature PL to maximize photon collection

e�ciency and minimize the excitation spot size for spatially-selective defect excitation.

Figure 5.2a illustrates the room-temperature photoluminescence with colored bars 0, 1,

10, and 2 representing the spectral filters that were used to select each transition. These

filter bands correspond to integrating across the ZPL and acoustic phonon modes, the

TO(M)/LO(K) mode, the LO(�) and LO(T) modes, and the above described two-phonon

modes, respectively. The filtered two-photon autocorrelations g(2)
ll (⌧) in Fig. 5.2(b)-(e) for

the l = 0, 1, 10, and 2 spectral bands confirm that antibunching is present in every phonon

replica in addition to the ZPL, even without background correction.

Mean fits and 95% credibility intervals from a self-consistent Bayesian regression for

a two-level model of g(2)
ll (⌧) are plotted in red and black respectively. The autocorrelations

involving the ZPL, TO(M)/LO(K), and LO(T) modes exhibit g(2)
ll (0) < 0.5, clearly demon-

strating single-photon emission. The two-phonon replicas reveal g(2)
ll (0) = 0.55 ± 0.06,

demonstrating that the band centered at 1.87 eV likely includes two transitions. The time

constants for all of the autocorrelations in Fig. 5.2 are ⌧ ⇡ 4 ns, indicating that details of the

phonon-defect coupling are not critical to the dynamics of the phonon replicas themselves.

The frequency-filtered two-photon correlation function g(2)
lm (⌧) is a normalized measure
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Figure 4.3: Frequency-filtered two-photon cross-correlations g(2)
lm (⌧) between each pair of

spectral bands visible at room temperature, labeled in terms of the four spectral bands
illustrated in Fig. 2(a).The mean and standard deviation for g(2)

lm (0) are inset in each panel

of photon fluctuations that quantifies the correlation between a photon of color l detected at

time ⌧ after a photon of color m is detected. While Fig. 5.2(b)-(e) reported autocorrelations

using the same bandpass filter on both detectors, Fig. 4.3 uses di↵erent bandpass filters

on each detector to measure the cross-correlations between all combinations of the four

transitions. The same self-consistent Bayesian regression used to fit the autocorrelation

functions in Fig. 5.2(b)-(e) is used in Fig. 4.3.

The Cauchy-Schwarz inequality: [g(2)
l,m(⌧)]2  g(2)

l,l (⌧)g(2)
m,m(⌧) describes the classical limit

for two mode fields. While photon anticorrelations lead to the antibunching reported in

Fig. 5.2, Cauchy-Schwarz inequality violations emerge from positive quantum correlations
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between two fields [177, 164, 178]. The Franck-Condon model of a single defect coupled

to several phonon modes would lead one to expect anticorrelations between each measured

frequency band, with no Cauchy-Schwarz inequality violation. Cascaded photoemission

would yield a violation, as would the presence of uncorrelated single photon emitters within

one of the spectral bands illustrated in Fig. 5.2(a). All of the measured cross-correlations

reported in Fig. 4.3 satisfy the Cauchy-Schwarz inequality except for g(2)
0,2 and g(2)

10,2. Com-

bining this observation with the reduced antibunching seen in the two-phonon replicas in

Fig. 5.2 and the phonon density of states calculations in Fig. 5.1 provides significant sup-

port for the claim that the narrow linewidth feature seen at 1.86 eV in the low-temperature

PL spectrum in Fig. 5.1(a) is an uncorrelated SPE. Note that no Cauchy-Schwarz violation

is seen for g(2)
1,2 because of the reduced antibunching of g(2)

1,1 compared with g(2)
0,0 and g(2)

10,10 .

4.4 Conclusions

Distinguishing between low-brightness SPEs and phonon replicas is important for the

further development of 2D materials for quantum technologies, but the critical issue here

is the otherwise strong anticorrelations between antibunched spectral bands. Because of

the measured anticorrelations in Figs. 5.2 and 4.3, and because the measured PL spec-

trum can be completely described in terms of a ZPL and one and two phonon replicas, the

state of the photoluminescence can be represented as ↵1
��� !ZPL

↵
+
P

i↵i

���� !PRi

E ���� !PHi

E
+

P
j,k↵ j,k

���� !PR j,k

� ���� !PH j

� ���� !PHk

E
, where each term describes a Fock state of zero or one

photons or phonons. The first term describes photons emitted into the ZPL (!ZPL), the

second describes single phonon replicas (!PRi) and single mid-infrared phonons (!PHi),

and the final term describes the two-phonon replica (!PR j,k) and the associated phonon

pair(!PH j ,!PHk). Increased control over vibronic pathways will be critical to the genera-

tion of high fidelity photon-phonon entanglement, which may be enabled by appropriate

phononic cavity design. The anticorrelations measured here thus provide a clear path to-

ward heralded single phonon sources and phonon-photon entanglement in 2D materials.
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The characterization of photonic correlations between all electronic and vibronic tran-

sitions associated with a given defect is critical to the understanding of quantum phononic

dynamics. Further control of the phonon density of states is needed to generate control-

lable quantum vibronic states, but the measurements reported here have importance both

for quantum information science and phononic technologies more generally. In particular,

these results point toward one approach for developing quantum photonics and quantum

phononics in the mid-infrared atmospheric transparency windows. Recent demonstrations

of satellite-to-ground quantum key distribution, for example, have relied on weak coherent

pulses and entangled single photon sources at near-infrared wavelengths [179, 180]. These

demonstrations have su↵ered from 20-30 dB attenuation because of atmospheric absorp-

tion and scattering. Developing bright single photon sources and entangled photon sources

at mid-infrared wavelengths would enable significant improvements in satellite-to-ground

quantum communications.

Moreover, strong cross-correlations between the zero-phonon mode and the phonon

replicas and strong positive correlations between each phonon replica and the associated

mid-infrared phonon may enable side-channel attacks against quantum communication

protocols. Similarly, detection of mid-infrared phonons could enable quantum non-demolition

measurements on the state of visible phonon replicas. Because electron-phonon coupling in

hBN is strain-dependent, the strength of these e↵ects can be controlled with nanopatterned

surfaces.

Finally, hexagonal boron nitride has drawn significant interest because of its hyperbolic

phononic dispersion [181]. Hyperbolic dispersion enables super-resolution imaging and

significant Purcell e↵ects for shallow defects. Combining the single and entangled phonon

sources described here with control over the hyperbolic dispersion of nanopatterned mul-

tilayer hBN could therefore enable significant advances in the concept of cavity quantum

phonodynamics [182]. While the results presented here have illustrated the first evidence

of quantum phononics in hBN, it remains crucial to more carefully explore the combined
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phononic, photonic, and electronic dynamics of color centers in 2D materials in order to

advance science and technology in all of these research agendas.
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4.5 Supplemental Material

4.5.1 Additional Defect Measurements

PL spectra for 5 other defect sites are shown in Fig. 4.4. Each spectrum exhibits a ZPL

and one-phonon replicas comparable to those discussed in the manuscript, but the magni-

tude of the two-phonon replica varied significantly between defects as seen in the middle

and right of Fig. 4.4. Additional spectral content to the blue of the ZPL appears in some de-

fect spectra as well. Representative antibunched autocorrelations and anticorrelated cross-

correlations, without background correction, are provided in Fig. 4.5 and Fig. 4.6 substan-

tiating the reproducibility of this study.

The phonon-replica detuning exhibited no significant change with temperature as seen

in Fig. 4.4 and Fig. 4.7. Shifts in wavelength �� and energy �E were calculated as
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Figure 4.4: (left, middle) Representative spectra of two additional defects recorded at 300K
and 3.6K and (right) additional spectra for three other defects that were recorded only at
room temperature.

�� = �ZPL(TL)��ph(TL)� (�ZPL(TH)��ph(TH)), (4.4)

�E = EZPL(TL)�Eph(TL)� (EZPL(TH)�Eph(TH)), (4.5)

where �ZPL (EZPL) is the wavelength (energy) of the ZPL, �ph (Eph) is the wavelength

(energy) of the peak vibronic spectral mode, and TL = 4K and TH = 300K are the temper-

atures that the spectra were collected at for SPE1-SPE3. The uncertainty in the calculated

shift in wavelength (0.4 nm) was greater then the spectrometer resolution (0.2 nm). In con-

trast, the 8 meV redshift of the mode near 1.86eV in Fig. 2 of the Rapid Communication

is consistent with the measured redshifts shown in Fig. 4.8 for di↵erent emitters charac-

terized at low temperature and room temperature. This further corroborates the claims in

the Rapid Communication that that mode is a combination of a 2-phonon replica and a

separate, uncorrelated ZPL.

The claim that we have observed and modeled the vibronic modes of a single defect is

further evidenced by the 1- and 2-phonon peak energies calculated as
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Figure 4.5: Antibunched autocorrelations of single photon emitters for (left) the zero
phonon mode (middle) the one-phonon mode and (right) antibunched cross-correlations
between the zero- and one-phonon modes for emitter 4 in Fig S1.

�E = EZPL�Eph, (4.6)

The 1-phonon (1-ph, and 10-ph, and 2-phonon (2-ph) peak energies are plotted in

Fig. 4.9(a-b) for low temperature measurements. As seen in Fig. 4.9(a-b), SPE1-SPE3 ex-

hibit peak 1-phonon energies consistent with one another whereas SPE1 and SPE3 exhibit

2-phonon peak energies consistent with one another. This consistency is further evidenced

for SPE1-SPE6 in Fig. 4.9(c-d) for measurements performed at 300K.

4.5.2 Background Correction

For each defect spectrum, a background spectrum was collected ⇠ 1 µm from the defect

position. The exact position where the background spectrum was collected was determined

by the minimum distance needed to minimize collection of PL from the defect. The back-

ground data was then scaled by a scalar constant and subtracted from the signal spectrum

in order to maximize the goodness-of-fit to our model. An example of these spectra are

provided in Fig. 4.10.
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Figure 4.6: Antibunched autocorrelations of single photon emitters for (left) the zero
phonon mode (middle) the one-phonon mode and (right) antibunched cross-correlations
between the zero- and one-phonon modes for emitter 2 in Fig S1.

4.5.3 Correlations in PL bursts

No blinking was observed in the defects studied. However correlated fluorescent dy-

namics were observed over timescales of ⇠ 10s in the ZPL and the phonon replica as shown

in Fig. 4.11.

4.5.4 Methods and Experimental Apparatus

Multilayer hBN flakes (3-5 layers in thickness) from Graphene Supermarket were an-

nealed in a First Nano rapid thermal processor at a temperature of 850�C in 1 Torr N2. The

temperature was increased and decreased at 5�C/min.
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Figure 4.7: Experimental wavelength (a) and energy (b) shifts for the ZPL, 1- and 2-phonon
sidebands for SPE1-SPE3.

Figure 4.8: (left) Histogram of measured ZPL energies for 36 defect spectra recorded at
room temperature. (right) Histogram of the measured ZPL redshift with increasing tem-
perature recorded for the subset of 14 defect spectra characterized at room temperature and
3.6K.
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Figure 4.9: The theoretical 1- (1-ph, 10-ph) and 2-phonon (2-ph) peak energies at 4K (a-b)
and 300K (c-d). The peak energies are calculated by subtracting the observed peak vibronic
spectral modes from the ZPL energy for each SPE.
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Figure 4.10: SPE4 background (red) and raw (blue) data. The background spectrum is
magnified by 10x.

For the µPL and colored HBT interferometry, a 100x (NA=0.9) objective was used

to collect PL under 40µW of continuous-wave 405nm laser excitation. The colored HBT

interferometer was fiber coupled to a 105 µm core multimode fiber splitter. The outputs

of the splitter were passed to filters in free space. The filters were rotated with respect

to the optical path of the PL to tune to the center wavelength of interest. Four filters from

Semrock were used (TBP01-487-15,TBP01-547-15,TBP01-617-14,TBP01-697-13) giving

a tunable range of 435-710nm with a corresponding maximum bandwidth of 20nm. The

PL was then recollected by another 105 µm core multimode fiber, detected by Perkin-
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Figure 4.11: Time trace data for the ZPL (orange) and one-phonon replica (blue) for SPE4.

Elmer single photon counting modules (SPCM-AQR), and recorded by a Hydraharp 400

time tagging circuit.

4.5.5 Emission Spectrum Calculation

The derivation of the emission cross-section detailed below is a compilation of results

from references [175, 176, 107, 148]. The optical emission of point defects is significantly

modified by its interaction with the lattice. The electron-lattice interaction contributes a

perturbative potential energy to the lattice nuclei of the defect which is dependent on the

defect’s electronic state. The total Hamiltonian of a point defect coupled to the vibrational

modes of the lattice when the defect is in the ground state is given by

Hef = EG +HO+Hn, (4.7)
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where EG is the energy of the electron corresponding to its ground state and when the

lattice is in an undistorted configuration, HO is the Hamiltonian for an ideal lattice, and Hn

is the electron-lattice interaction. With this in mind, the emission transition rate wei!ef (!)

for a defect coupled to the vibrational modes of its host lattice is given as

wei!ef (!) =
2⇡
h̄2 |hef |µ|eii|

2�(!efei�!), (4.8)

where µ is the electric dipole moment operator, and |eii= |E,mi and |ef i= |G,ni are the initial

and final vibronic states respectively. The emission cross-section �(!) for a defect coupled

to the vibrational modes of its host lattice may be written as,

�(!) =
16⇡2c

h̄!
|hef |µ|eii|2�(!efei�!), (4.9)

for a photon flux I(!)
h̄! =

A2!
8⇡h̄c , where A is a the amplitude of the exciting light’s vector

potential [176]. This dirac-delta may be rewritten in its integral form giving,

�(!) =
8⇡c
h̄!

Z
dtei(!efei�!)t|hef |µ|eii|2, (4.10)

=
8⇡c
h̄!

Z
dtei(!efei�!)thei|µ|ef ihef |µ|eii, (4.11)

=
8⇡c
h̄!

Z
dtei(!ef�!ei�!)thei|µ|ef ihef |µ|eii, (4.12)

=
8⇡c
h̄!

Z
dte�i!thei|µ|ef ihef |ei!ef t

µe�i!eit)|eii, (4.13)

=
8⇡c
h̄!

Z
dte�i!thei|µ|ef ihef |eiHef t/h̄

µeiHeit/h̄|eii, (4.14)

=
8⇡c
h̄!

Z
dte�i!thei|µ(0)|ef ihef |µ(t)|eii, (4.15)

µ(t) = e(iHef t/h̄)
µe(�iHeit/h̄). (4.16)
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According to the Born-Oppenheimer approximation we may write the vibronic states

as

|eii = |Ei|mi =  E(q; Q)�m(Q), (4.17)

|ef i = |Gi|ni =  G(q; Q)�n(Q), (4.18)

where Q is the normal coordinates of the lattice, and q is the coordinates relative to the

dipole operator µ. Under this adiabatic approximation �(!) may be written as

�(!) =
8⇡c
h̄!

Z 1

�1
dte�i!thE|hm|µ(0)|ni|GihG|hn|µ(t)|mi|Ei. (4.19)

According to the Frank-Condon prinicple [175, 176] the electronic transitions are im-

mediate relative to phononic transitions and hE|µ|Gi is independent of Q,

�(!) =
8⇡c
h̄!
|hE|µ|Gi|2

Z 1

�1
dte�i!thm|nihn|ei(Hef�Hei)t/h̄|mi. (4.20)

However due to our ignorance of the initial state under thermal equilibrium we must take

an average across all initial states |mi of the canonical ensemble and similarly sum across

all final states |ni

�(!) =
8⇡c
h̄!
|µ|2
X

n,m
!m

Z 1

�1
dte�i!thm|nihn|ei(Hef�Hei)t/h̄|mi, (4.21)

=
8⇡c
h̄!
|µ|2
X

m
!m

Z 1

�1
dte�i!thm|ei(Hef�Hei)t/h̄|mi, (4.22)

=
8⇡c
h̄!
|µ|2
Z 1

�1
dte�i!thhm|ei(Hef�Hei)t/h̄|miim, (4.23)
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where h...im is an average across all initial states |mi of the canonical ensemble. We can

reformulate �(!) in terms of Fourier transforms:

�(!) =
16⇡2c

h̄!
|µ|2G(!), (4.24)

=
16⇡2c

h̄!
|µ|2G(!), (4.25)

G(!) =
1

2⇡

Z 1

�1
dte�i!tg(t), (4.26)

g(t) =
Z 1

�1
d!ei!tG(!). (4.27)

When Hn is linear in the displacement of normal modes[176] (i.e. the harmonic ap-

proximation is assumed) then

g(t) = ei!GE e�S eS ⇣(t), (4.28)

⇣(t) =
S 0

S

Z 1

�1
d⌦0(⇢(⌦0)/⌦02)⌘(⌦0), (4.29)

where ⌦0 is the phonon energy, ⇢(⌦0) is the total phonon density of states, S 0 and S are the

dimensionless Huang-Rhys parameters corresponding to the fundamental and higher order

normal modes of the lattice.

⌘(⌦0, t) =

8>>>>>><
>>>>>>:

ei⌦0t(n(⌦0)+1) ⌦0 � 0,

e�i⌦0tn(⌦0) ⌦0  0,
(4.30)

and n(⌦0) = 1/(eh̄⌦0/kT �1) is the thermal phonon occupation number. For emission spectra

at low temperatures it is improbable that a phonon is annihilated and hence only the ⌘(⌦0)

for ⌦0 � 0 contributes to the emission spectrum and for ⌦0  0 only the zero phonon mode

term contributes to the emission spectrum. Hence,
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G(!) = (e�S /2⇡)
Z 1

�1
dtei(!GE�!)eS ⇣(t), (4.31)

G(!) = (e�S /2⇡)
1X

p=0

S p

p!
�p(!), (4.32)

�p(!) =
Z 1

�1
dtei(!GE�!)t[⇣(t)]p, (4.33)

and for the first phonon replica we have:

�1(!) =
1

2⇡

Z 1

�1
dtei(!GE�!)t⇣(t). (4.34)

Under the approximation that phonons are only created in emission spectra at low temper-

atures, we have

�1(!) =
S 0

2⇡S

Z 1

0
d⌦0(⇢(⌦0)/⌦02)(n(⌦0)+1)⇥ (4.35)

Z 1

�1
dtei(!GE+⌦

0�!)t, (4.36)

=
S 0

S

Z 1

0
d⌦0(⇢(⌦0)/⌦02)(n(⌦0)+1)�(!GE +⌦

0 �!), (4.37)

=
S 0

S
⇢(⌦)(n(⌦)+1)/⌦2, (4.38)

where the phonon energy, ⌦ = !�!GE .

We may rewrite �p as a convolution integral since F�1[F[ f ]F[g]] = f ~g [176],

�p(!) =
Z 1

0
d⌦�p�1(⌦)�1(!+!GE �⌦). (4.39)

The above derivation does not take into account the e↵ects of quadratic electron-phonon

coupling or inhomogeneous broadening. To account for inhomogeneous broadening in the
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zero phonon line (ZPL), the experimentally observed ZPL is modeled as a Lorentzian �o

with finite linewidth 1.1 meV and convolved with a phenomenological term �inhomo(!) ac-

counting for the inhomogeneous broadening of the ZPL which contributes to its asymmetry

at low temperatures,

�o,inhomo = �o~�inhomo, (4.40)

where �inhomo(!) = 1/(B+ (⌦�⌦o))2 where B = 110 meV is the full-width at half-max

and ⌦o = 7 meV is the center phonon frequency [174]. We attribute this inhomogeneous

broadening to a deformation potential interaction between longitudinal acoustic phonons

as discussed in [148]. Phonon-mediated broadening of the zero phonon mode is resolved

phenomenologically by convolving the zero phonon line (ZPL) �0(!) with the lineshape

G(!). All calculations were performed as follows:

G(!) =
e�S

2⇡
�o,inhomo+

e�S

2⇡

1X

p=1

S p

p!
�p(!), (4.41)

�p(!) =
Z

d⌦�p�1(⌦)�1(!+!GE �⌦), (4.42)

�(!) =
16⇡2c

h̄!
|µ|2�0~G(!). (4.43)

Hence we have assumed that only linear terms are dominant and that we are in the weak

coupling regime.

Fits of the model to experimental emission spectrum are reported in the main text. to

the above model the experimental

68



4.5.6 Estimation of the total phonon density of states ⇢(!)

At low temperatures, where h̄⌦� kT , the total phonon density of states (DOS) ⇢(⌦)

may be estimated as the one-phonon density of states ⇢1(⌦) because the zero- and one-

phonon modes are the most probable modes to be occupied. Because the phonon modes

are modeled as quantum harmonic oscillators, the zero-phonon mode contributes a diverg-

ing term and hence it is excluded from ⇢(!). If coupling of delocalized modes to the defect

is the dominant contribution to the vibronic spectrum, then there must be some interac-

tion, selection rules, divergent phonon matrix elements, etc. to account for the discrepancy

between the experimental emission spectrum and the calculated one-phonon DOS. As dis-

cussed in the main text, we measure phonon replicas redshifted from the ZPL by 326 meV

(2TO(M)/2LO(K)), 359 meV (LO(�) +TO(M)/LO(K)) and 395 meV (2LO(�)), all con-

sistent with two phonon excitation. We assume that these sums are the two-phonon modes

and that the LO(K), TO(M)/LO(K) and LO(�) are the one-phonon modes and consequently

⇢(⌦) should only include these modes. Hence we apply a phenomenological weighting

term w(!) to the calculated one-phonon DOS to preferentially favor the modes centered at

166 meV, 177 meV, and 200 meV,

⇢(!) = ⇢1(!)w(!), (4.44)

w(!) =
n=3X

i

Ai�i

(2⇡)(�i/(2⇡))2+ (!�!i)2 , (4.45)

where Ai is a scaling factor, �i is a linewidth and !i is the center frequency for the corre-

sponding Lorentzian terms of w(!).
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!i = [165.6,177.4,199.3], (4.46)

�i = [6,2,1.95], (4.47)

Ai = [0.017,0.053,0.93], (4.48)

We find that a fit including the DOS and Lorentzian weighting terms is more informa-

tive than fits in which only the Lorentzians weights are included. This is evidenced by

comparison of Chi2 tests in which the goodness-of-fit including the DOS was �2 = 57380,

whereas when it was excluded it was �2 = 1055399. This is also made clear qualitatively as

seen in Fig. 4.12 where a fit that includes Lorentzian filters but excludes the phonon DOS

fails to reproduce the one- and two-phonon sidebands.

Lastly it is important to note that this calculation assumes that localized defect vibra-

tional modes are insignificant. Because this calculation is in part phenomenological, this

assumption may not be sound. However this calculation demonstrates that delocalized

phonon replicas can plausibly explain the experimental luminescence spectrum.

4.5.7 Bayesian Regression of g(2)(⌧)

The second-order coherence function g(2)
lm (⌧) is a normalized measure of intensity fluc-

tuations that quantifies the correlation between a photon detected at time t+⌧ and a photon

detected at time t between two photon streams l and m,

g(2)
lm (⌧) =

hÎ(t)Î(t+⌧)i
hÎ(t)i2

. (4.49)

Here, g(2)
lm (⌧) of the µPL was characterized by a colored Hanbury Brown-Twiss interferom-

eter as shown in the inset of Fig.1 in the main text. The posterior density of the parameters
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Figure 4.12: Background corrected defect µPL spectrum (blue) collected at 3.6K for direct
comparison with the calculated µPL cross-section only using Lorentzian filters (red curve).

✓ is given by Bayes’ theorem

p(✓|n) / p(n|✓)p(✓), (4.50)

where n = n1, · · · ,nN are the measured coincident photon counts, p(✓) is the prior density

assumed to be uniform, and p(n|✓) is the likelihood taken to be a product of Poisson distri-

butions,

p(n|✓) =
NY

i=1
p(ni|✓), (4.51)

p(ni|✓) = e�C(⌧i) C(⌧i)ni

ni!
, (4.52)
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with mean number of coincident photons

C(⌧i) = Ag(2)(⌧i) and (4.53)

g(2)(⌧i) = 1� 1
n

e(⌧i�⌧o)/⌧1 (4.54)

where A is the normalization factor in the denominator of equation (1), n is the number

of emitters, ⌧1 = 1/(�0 +Wp) [107], �0 is the spontaneous emission rate, Wp is the pump

rate and ⌧o is a zero delay o↵set.The parameter vector to be estimated is ✓ = {A,n,⌧1,⌧o}.

While many models assume a single emitter is present and include a background parameter

to account for deviations from g(2)(0) = 0 we instead model the photon number n explicitly

to determine the number of emitters detected. Here n is treated as a continuous random

variable. Goodness of fit was determined using a �2 test with �2  100 and p� values 

1e� 10. For auto- and cross-correlations involving the 2-phonon filter band the range of

mean photon number hni was 1.7-2.2 clearly indicating that two emitters with di↵ering

quantum e�ciencies are responsible for such photon statistics.
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Chapter 5

Evidence of Photochromism in a Hexagonal Boron Nitride Single Photon Emitter

In this chapter I will address the electronic energy structure of hBN defects. I will ex-

tend the technique of two-color HBT to observe cross-correlations between two ZPLs. This

and the correlations in the photoluminescence between the two ZPL spectra indicate that

these ZPLs orginate from a single defect. This is the first evidence of of Photochromism in

a hBN emitter.
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5.1 Abstract

Solid-state single-photon emitters (SPEs) such as the bright, stable, room-temperature

defects within hexagonal boron nitride (hBN) are of increasing interest for quantum infor-

mation science. To date, the atomic and electronic origins of SPEs within hBN are not well

understood, and no studies have reported photochromism or explored cross-correlations be-

tween hBN SPEs. Here, we combine irradiation-time dependent microphotoluminescence

spectroscopy with two-color Hanbury Brown-Twiss interferometry in an investigation of
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the electronic structure of hBN defects. We identify evidence of photochromism in a hBN

SPE that exhibits single-photon cross-correlations and correlated changes in the intensity

of its two zero-phonon lines.

5.2 Introduction

Solid-state single-photon emitters (SPEs) are of increasing interest as a source of non-

classical light for quantum computation, quantum communication, and quantum sensing

applications [184, 185, 186]. Defects in hexagonal boron nitride (hBN) have emerged

as notable SPEs due to their bright, stable, room-temperature emission across the visible

spectrum [187]. The recent characterization of spin states in a hBN defect ensemble with

optically detected magnetic resonance could enable new quantum memories [188, 189].

Charge state initialization of hBN defects could enable new approaches to coherent optical

control [190, 191]. Furthermore, strain localization [192] and strain tuning [193] of hBN

SPEs could enable the design of deterministic indistinguishable single photon sources.

Despite these advances in state preparation, readout, and process control, and despite

substantial theoretical [194, 118, 195, 125, 120] and microscopic [196] analysis, the atomic

origins and electronic structure of hBN SPEs are still poorly understood. To date, defects

have been categorized phenomenologically. Initial reports identified group I and group II

hBN SPEs based on the di↵erence in their electron-phonon coupling [197]. More recent

research demonstrating the existence of four species of hBN emitters spanning the visi-

ble spectrum with correlated microphotoluminescence (µPL), cathodoluminescence, and

nanoscale strain mapping suggests that the observed defect species may be complexes of

defects [196]. Further research has identified photochemical e↵ects such as bleaching of

hBN emitters under 405 nm excitation[198], or activation of emitters with electron-beam

irradiation [199]. Polarimetric studies of hBN emitters under i) 473 nm and 532 nm excita-

tion and ii) tunable strain have exhibited a misalignment in absorption and emission dipole

moments, supporting the claim of a third excited bright state in hBN.[200, 201, 202]. How-
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Figure 5.1: Laser irradiation-dependent spectroscopy of a single defect pumped with a
405 nm laser. (a) The µPL spectra of ZPL transitions ZPL1 and ZPL2. ZPL1 has one-
phonon (PSB11) and two-phonon (PSB12) sidebands 166 meV and 326 meV, respectively,
redshifted from ZPL1, and ZPL2 has one-phonon (PSB21) and two-phonon (PSB22) side-
bands 166 and 326 meV, respectively, redshifted from ZPL2. (b) The relative µPL intensity
of ZPL1 and ZPL2 (normalized to the peak ZPL1 intensity) show enhancement and partial
quenching within the first half hour of irradiation, respectively. For the following hour,
they remain stable, after which ZPL2 undergoes a second partial quenching. ZPL1 and
ZPL2 remain stable for another hour prior to simultaneously quenching. (c) The energy
di↵erence between ZPL1 and ZPL2 remains constant until the second partial quenching in
ZPL2 occurs, leading to a 10 meV spectral jump in the energy of ZPL2. Triangles indicate
measurements made using filtered singles counts.

ever, no studies to date have directly reported photochromism in hBN SPEs or explored

cross-correlations between electronic transitions in hBN µPL spectra.

Here, we use µPL spectroscopy to study the photostability of defects in few-layer

hBN flakes in air when optically pumped with greater photon energy than the activation

energy for the photochemical decomposition of hBN[203]. Further, we characterize the

cross-correlations between zero-phonon lines (ZPLs) that exhibit correlated changes in in-

tensity with spectrally resolved two-color Hanbury Brown-Twiss (HBT) interferometry.

While we have previously used two-color HBT interferometry with photo-stable emitters

in hBN under vacuum to verify that the broad emission bands redshifted 166±0.5 meV

and 326±0.5 meV from the ZPL are optical one- and two-phonon sidebands (PSBs), re-

spectively [147], the cross-correlated ZPLs studied in this work have separation energies

20 meV below the known optical phonon modes of hBN [204, 205] and localized phonon

resonances fail to explain the observed spectrum[125]. Combining irradiation-time depen-
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dent µPL spectroscopy with two-color HBT interferometry enables this new investigation

of the electronic structure of hBN defects.

5.3 Microphotoluminescence Spectroscopy

We investigate defects in three-to-five layer hBN using the same sample from a pre-

vious study[147]. Microphotoluminescence spectroscopic data were collected for each

defect using a custom-built room-temperature confocal microscope. Eleven defects with

ZPLs ranging from 2.15 to 2.9 eV were observed. The majority of defects measured were

identified as group I emitters with ⇠10 meV linewidth ZPLs and one-phonon doublets

and two-phonon sidebands 166 and 326 meV redshifted from the ZPL[197, 147]. Out of

these, seven defects photobleached consistent with previous µPL studies of defects in oxy-

gen rich environments[198]. Among the defects that photobleached, two ZPLs within a

di↵raction-limited confocal volume demonstrated a correlated enhancement and quench-

ing in their µPL intensity under 405 nm excitation. Figure 5.1a shows the µPL spectra

measured for that site. ZPL1 (2.28 eV) has one-phonon (PSB11) and two-phonon (PSB12)

sidebands 166±2 meV and 326±2 meV red-shifted with respect to ZPL1, and ZPL2 (2.14

eV) has one-phonon (PSB21) and two-phonon (PSB22) sidebands 166±2 and 326±2 meV

redshifted from ZPL2.

We then evaluate the intensity of ZPL1 and ZPL2 as a function of irradiation time (see

Figure 5.1b) using the ZPL peaks (dots) in our spectra and correlated filtered singles counts

(triangles). In the first half-hour of irradiation, the intensity of ZPL1 and PSB11 increases

while ZPL2, PSB21 and PSB22 decrease as seen in Figure 5.1a-b. The intensities of ZPL1

and ZPL2 and their corresponding phonon sidebands then equilibriate for an hour until

ZPL2 is again partially quenched. Prior to this second quench in ZPL2 the energy di↵erence

between ZPL1 and ZPL2 was 139±2 meV; afterwards, the energy di↵erence decreases to

129±2 meV due to a 10 meV blue shift in ZPL2 as seen in Figure 5.1c. The blueshifted

ZPL2 and the ZPL1 showed no substantial intensity fluctuations before both simultaneously
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Figure 5.2: Two-color Hanbury Brown-Twiss interferometry after 1.8 hrs of laser-
irradiation. (a) Spectral lineshapes for ZPL j. Fits to the ZPL1 (red), ZPL2 (blue) lineshapes
and uncorrelated emitters (ZPL j, j = 3,4,5) are used to estimate the probability (zi j) that a
transition contributes to the µPL (black) collected in each filtered (F1, F2) interferometer
arm (i = 1,2). The inset shows the best fit for ZPL2 at 0 hrs. The auto-correlations for (b)
ZPL1, (c) ZPL2, and (d) the cross-correlations between ZPL1 and ZPL2. The distance of
g(2)

i (0) from the limit for single-photon-emission (indicated by the green horizontal line)
exceeds five standard deviations, �. Here the black-dashed lines are the 5� bounds for
g(2)

i (⌧). (e) A proposed energy diagram for the suspected defect with excited states (red)
and shelving state(s). The observed shelving in the auto-correlations may be explained by
one (solid black) or two (solid and dashed black) energy levels.

quenched as seen in Figure 5.1b and Figure S1 in the Supplemental Material. The ZPLs

remained dark after a month, suggesting that they are either bleached or pumped into a very

long-lived dark state.

Given the appearance of similar trends in the evolution of the ZPL1 and ZPL2 µPL

spectra, it may be possible that the two transitions are correlated and are potentially excited-

state transitions of the same defect or complex. However, photoluminescence spectroscopy

by itself is insu�cient to prove such a claim. Clear evidence of photochromism is essential

to the understanding of the electronic structure and atomistic origin of hBN single photon

emitters.
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5.4 Two-Color HBT Interferometry

To test the hypothesis that ZPL1 and ZPL2 are excited-state transitions of the same de-

fect, we employed two-color HBT interferometry after ZPL2 spectrally jumped 10 meV.

Filters F1 and F2 (illustrated in Figure 5.2a) selected the luminescence of ZPL1 and ZPL2

in each arm of the interferometer. Because of the presence of additional defects in the

spectrum shown in Figure 5.2a, the background counts in each channel could not be at-

tributed solely to a Poissonian background. Instead, the background is modeled as defect

emission that is uncorrelated with ZPL1 and ZPL2 [206]. To determine the contribution of

each emitter to the counts in each channel, fits of the lineshapes corresponding to ZPL1 and

ZPL2 and their respective phonon sidebands were made as shown in Figure 5.2a. Here the

lineshapes for ZPL1 and ZPL2 were fit using a phenomenological model composed of the

sum of a Lorentzian, exponentially modified Gaussian and Gaussian distributions centered

at their observed ZPL, low and high phonon-sideband energies, respectively. While this

model is agnostic with respect to the origins of the vibrational modes contributing to the

PSB emission, it takes into account the observed low and high energy phonon modes as

described in the Supplemental Material. The lineshape of the ZPL2 emission was assumed

to be fixed irrespective of spectral jumps and so only the amplitude and peak energy param-

eters for the ZPL2 fit were left free for the 1.8 hr irradiation time presented in Figure 5.2a.

Additionally, the fit for ZPL2 at 0 hrs presumes negligible background overlapped with the

lineshape of ZPL2, so only the group 1 emitter phenomenological model was used with

no additional background terms. All peaks attributed to uncorrelated background emission

were fit using the same lineshape function or with Gaussian distributions.

The probability zi j that the jth lineshape will contribute to the intensity in the ith filtered

arm of the HBT interferometer is the overlap integral of the filter transfer function with

the total emission of the ith lineshape divided by the total emission in the filter-band [206].

The auto-correlations for ZPL1 and ZPL2 as well as the cross-correlation between ZPL1

and ZPL2 were calculated with this assumption in mind and using the spectrum taken at
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1.8 hrs of laser-irradiation to calculate the probabilities, zi j. The bunching observed in the

coincidence counts for |⌧| > 0 for both transitions indicates a shelving state is present in

each ZPL and we interpret these data assuming a three-level model. The auto-correlations

for ZPL1 and ZPL2 and the cross-correlations between each are given by

g(2)
1 (⌧) = (z2

11+ z2
13+ z2

14+ z2
15)g(2)

⇢1 (⌧) (5.1)

+2(z11z13+ z11z15+ z11z14+ z13z15+ z13z14+ z15z14),

g(2)
2 (⌧) = (z2

21+ z2
22)g(2)

⇢2 (⌧)+ z21z22(g(2)
21 (⌧)+g(2)

12 (⌧)), (5.2)

g(2)
21 (⌧) = z11z22g(2)

⇢21(⌧)+ z11z21g(2)
1 (⌧)+ z13+ z14+ z15, (5.3)

g(2)
12 (⌧) = z11z22g(2)

⇢12(⌧)+ z11z21g(2)
1 (⌧)+ z13+ z14+ z15, (5.4)

g(2)
⇢i (⌧) = 1�⇢2

i [(1+ai)e�|x�xoi|⌧/⌧1i �aie�|x�xoi|⌧/⌧2i], (5.5)

where g(2)
1 (⌧) and g(2)

2 (⌧) are the auto-correlation functions for ZPL1 and ZPL2, g(2)
21 (⌧)

and g(2)
12 (⌧) are the cross-correlations between the zero-phonon lines, and g(2)

⇢i (⌧) is the

three-level model for each correlation function with Poisson-background contribution ⇢i,

shelving parameter ai, excited state lifetime ⌧1i, and shelving state lifetime ⌧2i. The fitted

parameters for the auto- and cross-correlations are provided in Table 5.3, along with the

probabilities zi j in Table 5.2. A full derivation of the auto- and cross-correlations can be

found in the Supplemental Material. The threshold for single-photon emission for auto-

and cross-correlations is given by g(2)
limit,i =

1
2(1+⇢2

i ai)[107].

g(2)
⇢i (⌧) a ⌧1i (ns) ⌧2i (ns)

g(2)
⇢1 (⌧) 0.75 3.9 334

g(2)
⇢2 (⌧) 0.12 3.2 1600

g(2)
⇢21(⌧) 1.0 5.4 271

Table 5.1: Parameter values for the auto- and cross-correlation functions

Due to emission from background emitters, the cross-terms for g(2)
1 (⌧), g(2)

2 (⌧), g(2)
21 (⌧)

and g(2)
12 (⌧) degrade the single-photon purity of the emitter while the like-terms dampen the
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probability value
z11 0.55
z13 0.06
z14 0.05
z15 0.34
z21 0.3
z22 0.7

Table 5.2: Probabilities zi j that the jth lineshape will contribute to the counts in the ith
filtered interferometer arm

expected shelving amplitude. The most significant background terms come from the over-

lap of ZPL1’s one-phonon PSB and ZPL2, where z21 = 30% of the ZPL1 PSB contributes

to the background. But as we will see, the corresponding cross-terms are insu�cient to

degrade the purity of ZPL2 beyond the limit for single photon emission. Figures 5.2b-d

show the auto- and cross-correlations as well as best-fit and corresponding 5 standard de-

viation (�) confidence intervals for g(2)
1 (⌧), g(2)

2 (⌧) and g(2)
21 (⌧), respectively. It is clear that

the auto- and cross-correlations confirm single-photon emission and provide evidence of

photochromism between ZPL1 and ZPL2 as the fit for g(2)
i (0) is at least five standard devi-

ations from the limit for single-photon emission. The overlap of ZPL1 and ZPL2 leads to

additional time dependent cross-terms in (i) the auto-correlation for ZPL2 (g(2)
12 (⌧), g(2)

21 (⌧)),

and (ii) the cross-correlation between ZPL1 and ZPL2 (g(2)
1 (⌧)), but their contribution to the

anti-bunching and anti-correlations are found to be ⇠10%. Furthermore, all fits for g(2)
1 (⌧),

g(2)
2 (⌧) and g(2)

21 (⌧) include cross-terms, and thus the background-free cross-correlation be-

tween ZPL1 and ZPL2 and the respective anti-bunching for each zero-phonon line would

increase the distance [g(2)
limit,i�g(2)

i (0)].

While the defect photobleached prior to collecting g(2)
12 (⌧), the large cross-correlation of

g(2)
21 (⌧) and single-photon purity of g(2)

2 (⌧) remained consistent with [g(2)
limit,i � g(2)

i (0)] > 5�

under the assumptions that g(2)
⇢12(⌧) ⇡ g(2)

⇢2 (⌧) while leaving all parameters for g(2)
⇢12(⌧) free in

the fits for g(2)
2 (⌧). Generally, the auto- and cross-correlations maintain the single-photon

purity, whether we assume that the spectral shape of ZPL2 is the same after its spectral jump
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or whether we allow it to be modified. In this case, we left all spectral parameters free to es-

timate the lineshape for ZPL2. Under these di↵erent cases, the coe�cient of determination

varied by 1% or less, supporting the claim that these assumptions have negligible e↵ect on

the single-photon purity of each ZPL or the magnitude of anti-correlations between ZPL1

and ZPL2.

Furthermore, we repeated the two-color HBT interferometry on di↵erent sets of addi-

tional pairs of ZPLs where each filter only passes light from a single ZPL (i.e. no back-

ground emission from other spectrally distinct defects overlaps with the filter linewidth).

While these additional emitters do not meet the threshold for single-photon emission, there

is still a clear cross-correlation between the ZPLs, as shown in the Supplemental Material.

However, we only observed a minority of emitters exhibiting cross-correlated ZPLs, which

is a plausible consequence of a broad family of di↵erent defects being generated during the

hBN annealing process. This is supported by the observation that the emitters described

in the Supplemental Material do not exhibit any phonon sidebands, in contrast with the

emitter discussed in this article. We would expect all emitters to have similar lineshapes if

they are from the same defect.

5.5 Analysis and Conclusions

The auto- and cross-correlation functions and spectra for each emitter presented in Fig-

ures 5.1 and 5.2 provide experimental evidence for multiple excited states within a single

hBN defect or complex of defects as proposed in Figure 5.2e. This model is consistent

with previous polarimetric studies that described two excited states [201, 202]. The cross-

correlations observed here would be expected, for example, from a two-excited state model

when optically addressable charge states are present. The shelving observed may be ex-

plained most generally by two shelving states, and previous reports have suggested the

existence of two shelving states determined through photophysics studies[121, 197]. How-

ever, the power dependence of shelving-state dynamics may indicate that there is only one
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shelving state [207]. The results shown in Figure 5.2 do not conclusively address whether

there is more than one shelving state present, but they provide clear evidence of anticorre-

lations between the two ZPLs.

Based on the cross-correlations between distinct ZPLs reported in Figure 5.2d and the

Supplemental Material, it appears that ZPL1 and ZPL2 are associated with a single defect

or a complex of defects so that an excited state can emit light into either ZPL1 or ZPL2.

Alternatively, cross-correlations like those reported here could plausibly result from dipole-

dipole interactions between two closely spaced, near-resonant emitters. We suggest that

this alternative hypothesis is less plausible but provide a simple classical model of such a

coupled defect system in the Supplemental Material. While we cannot reject the case of

strongly interacting emitters, the preponderance of the evidence leads us to conclude that

the observed cross-correlation are generated by the electronic structure of either a single

point defect or a defect complex.

In summary, we have observed correlated laser-irradiation-dependent changes in the

µPL intensity for two zero-phonon lines that reach equilibrium before simultaneously quench-

ing in ambient laboratory conditions. These zero-phonon lines were confirmed to be an-

tibunched and anti-correlated with one another. The cross-correlations between these two

emitters indicates photochromism between the ZPL1 and ZPL2 transitions, consistent with

a similar study of the charged and neutral nitrogen vacancy centers in diamond [207]. These

results are therefore evidence that ZPL1 and ZPL2 are excited state transitions for the same

defect or complex. This evidence of photochromism in hBN defects is an essential step

toward improved understanding of the atomic origins of these defects.

5.6 Methods

The sample studied in this work was a multilayer hBN flake (3-5 layers in thickness)

from Graphene Supermarket. The flake was subsequently annealed in a First Nano rapid

thermal processor at a temperature of 850oC in 1 Torr N2 with a temperature increase and
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decrease of 5oC/min. For all experiments, a room-temperature confocal microscope with

a continuous-wave 405 nm diode-laser excitation with 2µW incident on the sample and a

0.9 NA objective was used to collect µPL from defects in our sample. Laser-edge filters

and dichroic mirrors were used to pass only µPL to our spectrometer or interferometer.

For laser-irradiation-dependent spectroscopy, the µPL was passed to a di↵raction grating

spectrometer with 2 meV resolution. For singles counts and two-color HBT interferometry

the µPL was passed to a beamsplitter with filters F1 (Newport 10LWF-500-B and 10SWF-

550-B) and F2 (Semrock FF01-575/5-25) prior to the detectors corresponding to arm one

and two of the HBT interferometer. The detectors were fiber coupled using multimode

fiber and spatial mode filtering was adjusted using varying fiber core diameters (50-100

µm). Coincidence counts were collected using a HydraHarp 400 and the single photon

detectors used were Perkin Elmer SPCM-AQRs.
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5.9 Supplement Material

5.9.1 Time-Dependent Photoluminescence Spectroscopy

The changes in the µPL spectra shown in Figure 1 of the main article can plausibly

be attributed to changes in the charge state of ZPL1 and ZPL2 under optical pumping and

to photochemical interactions with oxygen. Both the stable blueshift in ZPL2 and its si-

multaneous reduction in µPL intensity potentially suggest that the local strain environment

was modified as previously reported in first-principle studies of carrier recombination dy-

namics in hBN defects[208]. However, we do not observe a shift in ZPL1. While there

have been studies showing ZPL transitions insensitive to strain fields due to di↵erences

in transition symmetry[209], further study of the strain tuning of these ZPLs is needed to

make a conclusive statement and is outside the scope of this article. Furthermore, we find

it equally plausible that the blue-shift in ZPL2 is due to slow spectral di↵usion or a modi-

fication in the local environment of the defect. Previous work has studied the modification

of hBN emitters under di↵erent laser excitation energies, environments, and irradiation

time. Shotan et al. have shown that the µPL intensity of defects in one-to-five layer hBN

flakes are enhanced under 405 nm excitation whereas only a fraction of defects fluoresce

under 532 nm excitation[198]. The di↵erence in absorption of 405 nm versus 532 nm light

was attributed to the presence of additional excited states that compete with lower energy

transitions. The same study demonstrated photobleaching and spectral jumps of defects

under 405 nm excitation whereas defects were photostable under 532 nm excitation with
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the sample in ambient conditions. It is possible that the observed spectral jumps may be

due to a modification in the local environment of the defect. These observations are in

agreement with the data in Shotan et al.’s work and additionally with previous works. For

example, in Kanaev et al. they have shown a reduction in fluorescence and photobleaching

of visible and ultraviolet transitions for near surface defects pumped at energies exceeding

the activation energy for the photochemical decomposition of hBN of 2.57 eV under 99%

molecular oxygen or air[203] while the µPL of such defects are known to be photostable

under vacuum [210, 211, 147]. However, recently such results have also been shown to be

clearly dependent on the excitation detuning from the ZPL[125].

The normalized singles counts for ZPL1 (blue) and ZPL2 (orange) for the defect dis-

cussed in the main article are shown in Figure 5.3. Correlated fluorescent dynamics were

observed over timescales of 30 minutes between the zero-phonon lines. Interestingly, the

singles counts from both zero-phonon lines completely quench simultaneously to within

the 2 ms due to the lower photon count rate for ZPL2 (2000 cps), which suggests these

transitions are associated with the same defect or complex. Uncorrelated bursts in the flu-

orescence are attributed to blinking background defects or cosmic rays.
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Figure 5.3: Singles counts for the photochromic emitter in the manuscript with ZPL1 (blue)
and ZPL2 (orange) for the last 30 minutes of emission prior to photo-bleaching of ZPL1
and ZPL2

5.9.2 Fitting Methods For Defect Lineshape

A nonlinear least squares fit was performed to estimate the lineshape of the spectrum

for each defect, as shown in Figure 5.4. The lineshapes corresponding to ZPL1 and ZPL2

were fit using a sum of a Lorentzian for the zero-phonon line, exponentially modified Gaus-

sians for the acoustic phonon modes, two Gaussians for the one-phonon doublet and one

Gaussian for the two-phonon sideband given by
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⇡
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Figure 5.4: Nonlinear Least Squares Spectral Fits for two ZPLs and Corresponding PSBs.
(a) Spectral subcomponents of lineshapes for ZPL1 (solid-red color coded) and ZPL2
(dashed-copper color coded). A legend is provided to help distinguish between the ZPL
components and the acoustic, one-, and two-phonon sideband components for each of the
ZPL linewidths. (b) The corresponding lineshapes for ZPL1 (solid-red) and ZPL2 (dashed
copper). The grey and black traces in a) and b), respectively, are the PL spectrum after 1.8
hrs of laser irradiation.

where S is the lineshape of the defect spectrum, Ai is the amplitude of the transition,

�i is the linewidth parameter, xi is the transition peak energy, � is a lineshape amplitude

scaling parameter and � is the skewness parameter used in the acoustic phonon term. Fixed

parameter bounds were used in the nonlinear least squares fit for each parameter. The

interval for the transition peak energies corresponding to the expected redshift in the one-

phonon (166±2 meV) and two-phonon (326±2 meV) peak energies relative to the zero-

phonon line (2.15±2 meV) was given by the spectrometer resolution. This interval was also

widened to ±4 meV to account for strain-induced red- and blue-shifting in the one-phonon

and two-phonon energies observed in the literature. The interval for the peak energy of

the acoustic phonons was set to ±40 meV consistent with previous observations [147]. The

goodness of fits were also checked for the cases in which i) the ZPL2 lineshape remained the

same throughout the study by fixing all parameters except for the peak energy of the ZPL,

x1, and an additional parameter � that was left free to estimate the overall amplitude of the
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Figure 5.5: Nonlinear Least Squares Spectral Fits for 3 ZPLs and Corresponding PSBs.
(a)Spectral subcomponents of lineshapes for ZPL1 (solid-red color coded) and ZPL2
(dashed-copper color coded). The blue and purple peaks are assumed to be from a third
emitter ZPL03 distinct from ZPL1 and ZPL2. A legend is provided to help distinguish be-
tween the ZPL components and the acoustic, one-, and two-phonon sideband components
for each of the ZPL linewidths. (b) The corresponding lineshapes for ZPL1 (solid dark red)
and ZPL2 (dashed copper) and an uncorrelated emitter (solid blue). The grey and black
traces in a) and b) are the PL spectrum at 1.8 hrs of laser irradiation.

lineshape and ii) the lineshape was modified during the blue-shift observed after two-hours

of irradiation by leaving all parameters free in S and fixing � to 1. The goodness-of-fit was

estimated using the coe�cient of variation R2 where R2 � 0.99 in all cases considered for

the spectra at 0 hrs and 1.8 hrs (see Figures 5.4, 5.5 and the inset to 2a in the main article).

To test the plausibility that ZPL1 is a group 2 emitter and the blue and purple peaks in

Figure 5.5a are emission from a third zero-phonon line and acoustic PSB of an uncorrelated

emitter, we dropped the phonon sideband terms in the fit for the ZPL1 lineshape. In this

case, while the goodness-of-fit was comparable to the fits which assume both ZPL1 and

ZPL2 are group 1, the corresponding negligible background (⇠ 1% of the total intensity)

emission of the ZPL1 lineshape that overlaps with the filter F2 is inconsistent with the

background (⇠ 10% of the total intensity) detected in the auto-correlation measurements for

the ZPL2. Therefore, we reject the hypothesis that ZPL1 is of group 2. For the case where

we assume that both ZPLs are of group 1 we find that the background emission observed in
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the auto-correlations for ZPL2 and the cross-correlation between ZPL1 and ZPL2 is taken

into account by the spectral overlap of the ZPL1 one-phonon sideband with the transfer

function of filter F2 (see Figure 5.4b). Fits for all defect emission that was assumed to be

an uncorrelated emitter either used the above fit function or a single Gaussian term.

5.9.3 Derivation of the Auto- and Cross-correlations

To account for the e↵ect of multiple emitters in the detection confocal volume on the

correlations we let the total intensity on the ith channel of the HBT interferometer be Ii,tot =

⌃ jIi j where the contribution of the jth emitter’s intensity is Ii j = zi jIi,tot, which emits with

some probability zi j to contribute to the total intensity such that ⌃ jzi j = 1[206]. For ZPL1

this leads to

hIZPL1(t)i2g(2)
1 (⌧) = hIZPL1(t)IZPL1(t+⌧)i, (5.7)

= hIZPL1(z11(t)+ z13(t)+ z14(t)+ z15(t))

⇥ IZPL1(z11(t+⌧)+ z13(t+⌧)+ z14(t+⌧)+ z15(t+⌧))i,

g(2)
1 (⌧) = z2

11g(2)
1 (⌧)+ z2

13g(2)
3 (⌧)+ z2

14g(2)
4 (⌧)2+ z2

15g(2)
5 (⌧)

+2(z11z13+ z11z15+ z11z14+ z13z15+ z13z14+ z15z14),

= (z2
11+ z2

13+ z2
14+ z2

15)g(2)
p1 (⌧)

+2(z11z13+ z11z15+ z11z14+ z13z15+ z13z14+ z15z14), (5.8)

where g(2)
i (⌧) is the second order coherence observable for the ith emitter transition, and

g(2)
p1 (⌧) is the second order coherence using a three-level state model. In order to reduce

the number of fit parameters, we set g(2)
1 (⌧) = g(2)

3 (⌧) = g(2)
4 (⌧) = g(2)

5 (⌧). Based on the

assumption that the background emission intensities I13, I14 and I15 are independent and

uncorrelated, all cross-terms will be constant with respect to ⌧ as seen in equation 3[206].

For the auto-correlation of ZPL2 we have a similar derivation given by
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hIZPL2i2g(2)
2 (⌧) = hI2

ZPL2
(z21(t)+ z22(t))(z21(t+⌧)+ z22(t+⌧))i, (5.9)

g(2)
2 (⌧) = z21(t)z21(t+⌧)+ z22(t)z22(t+⌧)+ z21(t)z22(t+⌧)+ z22(t)z21(t+⌧),

= (z2
21+ z2

22)g(2)
p2 (⌧)+ z21z22(g(2)

12 (⌧)+g(2)
21 (⌧)), (5.10)

where the cross terms now involve second order coherences g(2)
12 (⌧) and g(2)

21 (⌧) from the

correlated transitions ZPL1 and ZPL2 due to the spectral overlap of their lineshapes in filter

F2. As a result, the cross-terms are no longer constant. The contribution of the time-

dependent cross-terms to the antibunching can be as much as 25% to g(2)
2 (⌧) and have the

same time-dependence as the antibunching of the signal. However, the signal plus the

cross-terms for g(2)(0) is still significantly (>5�) below the threshold (g(2)
limit,2) for single-

photon emission as discussed in the main article. If we were able to disentangle the g(2)
p2 (⌧)

signal from the background, the single-photon purity for ZPL2 would be even higher.

Finally the cross-correlation between ZPL1 and ZPL2 is given by

hIZPL1IZPL2i2g(2)
21 (⌧) = hIZPL2(z21(t)+ z22(t))

⇥ IZPL1(z11(t+⌧)+ z13(t+⌧)+ z14(t+⌧)+ z15(t+⌧))i, (5.11)

g(2)
21 (⌧) = z11(t)z22(t+⌧)+ z22(t)z13(t+⌧)+ z22(t)z14(t+⌧)

+ z22(t)z15(t+⌧)+ z21(t)z11(t+⌧)+ z21(t)z13(t+⌧)

+ z21(t)z14(t+⌧)+ z21(t)z15(t+⌧),

g(2)
21 (⌧) = z11z22g(2)

p21(⌧)+ z11z21g(2)
1 (⌧)+ z13+ z14+ z15, (5.12)

where the cross-term z11z22g(2)
p21(⌧) involves the correlated zero-phonon lines ZPL1 and

ZPL2 with cross-correlation g(2)
p21(⌧). Again, due to the partial overlap of the ZPL1 lineshape

with filter F2, the auto-correlation for ZPL1 (g(2)
1 (⌧)) is included in the cross-term between
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z11 and z21. Despite this term contributing up to 15% to g(2)
21 (⌧) and having the same time-

dependence as the signal g(2)
⇢21(⌧), the signal plus the cross-terms is significantly (� 5�)

below the threshold (g(2)
limit,21) for a anti-correlation due to single-photon emission from

distinct transitions.

5.9.4 Additional Cross-Correlation Data

Four additional clearly distinct ZPL lineshapes (labeled ZPL j, j = 6,7,8,9 in Fig-

ure 5.6(a) and 5.7(a) were observed on a separate site on the same sample discussed in

the article. Photoluminescence spectra were taken at room temperature (blue) and at 4K

(red). An overall shift of 4±0.5 meV in the ZPL peak energies was observed consistent

with previous reports due to expansion of the lattice as a function of temperature[200].

VersaChrome tunable bandpass Semrock filters (TBP01-547-15,TBP01-617-14) were used

for all interferometry indicated by the blue bandpass in Figures 5.6a and 5.7a. All of the

additional correlation data was collected at 4K. As seen in Figure 5.6b-c and 5.7b-c, the

photon statistics indicate that we do not meet the threshold for single photon emission from

one emitter. To model the photon statistics for the auto- (g(2)
j (⌧)) and cross-correlations

(g(2)
i j (⌧)), we incorporate a background term assuming N of the same emitter types are

present given by

g(2)
j⇢ (⌧) = g(2)

i j⇢(⌧) = 1� ⇢
2

N
[(1+an)e�|x�xon|/⌧1n �ane�|x�xon|/⌧2n], (5.13)

where n = j for the auto-correlation and n = i j for the cross-correlation, and all other pa-

rameters are defined in the main article. We again do not observe any significant Poisson

statistics contributing to the background and thus it is not a major source of background

emission. Rather, with this model we find an ensemble of 3 to 6 emitters contribute to the

observed spectrum. Remarkably, cross-correlations are still present, suggesting the pres-

ence of an ensemble of the same emitters with two optically accessible transitions. The

parameters for each correlation are provided in Table 5.3.
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In addition, there is no evidence of phonon sidebands in the lineshapes for ZPL6, ZPL8

and ZPL9. If the emitters responsible for the ZPL emission described in the main article and

those presented in this section were all from the same defect type then we would instead

expect a consistent lineshape for the defects, counter to our results.

g(2)
⇢n (⌧) a ⌧1i (ns) ⌧2i (ns)

g(2)
⇢6 (⌧) 0.55 1.5 105

g(2)
⇢8 (⌧) 0.41 2.1 141

g(2)
⇢9 (⌧) 0.72 2.6 111

g(2)
⇢86(⌧) 0.36 1.8 186

g(2)
⇢89(⌧) 0.41 3.7 153

Table 5.3: Parameter values for the auto- and cross-correlation functions of emitters 6, 8
and 9
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Figure 5.6: Two-color HBT interferometry between ZPL transition 8 and 9. a) Spectrum of
four transitions labeled ZPL j, j= 6,7,8,9 taken at 4K (red) and 300K (blue). Filters F8 and
F9 (represented by translucent blue rectangles) are placed at the output arms of the HBT
interferometer to collect µPL for ZPL8 and ZPL9, respectively. b) The auto-correlation
g(2)

9 (⌧) for ZPL9 and c) g(2)
8 (⌧) for ZPL8 and d) the cross-correlation g(2)

89 (⌧) between ZPL8
and ZPL9.The threshold for single photon emission is given by the green horizontal lines
for the auto- and cross-correlations. All correlation data were taken at 4K.
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Figure 5.7: Two-color HBT interferometry between ZPL transition 6 and 8. a) Spectrum
of four transitions labeled ZPL j, j = 6,7,8,9 taken at 4K (red) and 300K (blue). Filters
F6 and F8 (represented by translucent blue rectangles) are placed at the output arms of the
HBT to collect µPL for transitions ZPL6 and ZPL8, respectively. b) the auto-correlations
g(2)

8 (⌧) for ZPL8 and c) g(2)
6 (⌧) for ZPL6 and d) the cross-correlation g(2)

86 (⌧) between ZPL8
and ZPL6. The threshold for single photon emission is given by the green horizontal lines
for the auto- and cross-correlations. All correlation data were taken at 4K.

5.9.5 Dipole-Dipole Coupling Toy Model

While it appears that ZPL1 and ZPL2 are associated with a single defect or a complex

of defects, an alternative possibility is that the cross-correlations are a result of the dipole-

dipole interaction energy Edd between two closely spaced, near-resonant emitters. We can

approximate the interaction energy Edd = µ1µ2/(4⇡✏r3) where µ1 = µ2 = ed is the dipole

moment for each emitter, e is the charge of an electron, d = 0.1nm is the distance between

the poles of the dipole, ✏ is the permittivity of hBN, and r is the distance between dipoles.

As a limiting case, we assume no charge screening (Edd ⇠ 1/r3). While defects have been

found to be within 50 nm of one another[196], electronic dipole-dipole interaction strengths

94



at this distance are a negligible ⇠10�8 eV. In the limiting case of a separation between emit-

ters of ⇠1 nm the interaction strength would be ⇠3 meV, likely leading to the states of the

two emitters hybridizing to form an e↵ective defect complex[212]. In this case, we would

expect g(2)
21 (0) < 0.5. Engineering these sorts of interactions between emitters often requires

deterministic placement of defects[212] and controllable cavity interactions[213]. Further-

more, optimal coupling of emitters is also dependent on Stark tuning[214] of the transi-

tions and can require quasi-resonant pumping[215] of transitions to generate antibunched

sub-Poissonian photon statistics in the cross-correlations between the coupled transitions.

While this model does not take into account quantum e↵ects of the i) defect dipole-dipole

interactions nor ii) the electro-optical properties of hBN, we are still led to conclude that

the hypothesis of two strongly interacting emitters is less likely than the model presented

in the main article.
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Chapter 6

Summary and Outlook

6.1 Summary

The experimental methods of microphotoluminescence (µPL) spectroscopy, Hanbury-

Brown Twiss (HBT) interferometry and confocal microscopy have been combined to iden-

tify SQEs in hBN. Two-color HBT interferometry and µPL spectroscopy have been used

to reveal strong cross-correlations i) between the SQE’s zero-phonon line and its phonon

sidebands (PSB) and ii) between two ZPLs. The former was covered in chapter 3 and the

latter was reviewed in chapter 4. Here I review the main conclusions from the results.

In the experiments described in chapter 3, we observed broad emission redshifted 165

and 326 meV from the ZPL of hBN SQEs. These phonon sidebands were modeled using a

Huang-Rhys model of the µPL, taking into account the phonon density of states (DOS) of

the lattice. By reweighting the phonon DOS we found good agreement between experiment

and theory. However, the necessity to reweight terms in the phonon DOS indicated that

there are either selection rules causing the phonon DOS to di↵er from those expected for

hBN or there are local vibrational modes of the defect not accounted for in our analysis.

Despite this limitation we were able to show that the 165 and 326 meV modes are one-

and two-phonon sidebands by measuring single-photon cross-correlations between these

modes and the corresponding ZPLs.

In chapter 4 we reported the results of experiments that showed a fraction of SQEs

in hBN exhibit cross-correlations and correlated microphotoluminescence between group

II ZPLs. We also determined that the emission is single-photon in nature for the auto-

correlation of each ZPL and the cross-correlation between these ZPLs. This result provides

evidence of this defect having an excited state structure composed of two excited states

with radiative transitions. These results indicated the possible presence of excited states

with a charge or spin degrees of freedom. Alternatively, the ZPL emission may originate
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from a complex of defects since when defects are in close proximity (⇠1 nm) they interact

strongly and their states will be expected to hybridize.

6.2 Outlook

Through my six years of research, the field of hBN color centers has progressed a

great deal. The community as a whole has been able to advance an understanding of what

is likely a wide variety of defects that exist within hBN. However, there are still major

improvements to be made. There are at least four main areas of fundamental and applied

research that the field will continue to pursue. Namely for hBN defects, continuing to

identify their atomic origins, identification of their local vibrational and phonon modes,

continued characterization of their spin properties, and improving their optical properties

to make an exceptional SQE.

6.2.1 Defect Identification

Initially, the field was limited in its ability to classify hBN defects relying primarily

on the group I and group II phenomenological characterization according to ZPL energy

and electron-phonon coupling. While the V�B and the VBC�N defects have recently been

identified due to their spin-triplet ground state, many observed defects, such as i) ultra-

violet defect, ii) defects which do not exhibit magnetic properties, and iii) defects that

exhibit multiple excited states have not been accounted for fully or conclusively. Moreover,

the V�B and the VBC�N defects have been found to have optical and spin properties necessary

for their operation as SQEs or quantum memories but it is not clear that the remaining

unidentified defects are suited for use as SQEs or quantum memories. I pose the question

to the reader whether further pursuit of identifying defects is warranted? If so, to help

identify other defect species experimental studies must conduct large surveys of defects

incorporating concurrent measures of µPL spectroscopy, two-color HBT interferometry,

magneto-optical spectroscopy and ODMR. This will aid in identifying all the electronic,

phonon, spin and magnetic properties of the defect. Additionally, The spatial resolution

97



to implant and detect defects must be increased to further confirm the detection of SQEs.

Defects can be created using nano-ion implantation capabilities detected using either time-

resolved scanning near-field optical microscopy (SNOM) or scanning transmission electron

microscopy (STEM) as the excitation source. In particular, STEM is an attractive excitation

source since this opens the door for correlative studies of µPL, ODMR and the atomic

structure of defects. The results of these combined e↵orts can be used by theorists, in turn,

to determine the appropriate family of defects to model and their expected properties.

Furthermore, previous studies have been performed across di↵erent fabrication methods

to inject nonnative atomic species into hBN to form defects [154]. These correlative studies

have shown great promise in being able to identify defects as done with the carbon defect

(VBC�N). This process should be pursued further for other defect species in the future

to correlate the observed µPL, ODMR and two-color HBT interferometry to said atomic

species as described in Table 6.1. This table is presented for illustrative purposes only.

Atomic defect hBN fabrication Defect Fabrication Characterization
Oxygen based MBE MOVPE ODMR, µPL, two-color HBT
Oxygen based MBE ion implantation ODMR, µPL, two-color HBT
Boron vacancy MBE neutron irradiation ODMR, µPL, two-color HBT
Boron vacancy MBE electron irradiation ODMR, µPL, two-color HBT

Table 6.1: Examples of suggested correlated studies of fabrication methods and their ef-
fect on SQE measuremensts (ODMR, µPL, two-color HBT interferometry). For molecular
beam epitaxy (MBE) a saphhire substrate is used. For metal-organic vapour-phase epitaxy
(MOVPE) a oxygen precursor is assumed.

6.2.2 Electron-Phonon Coupling

The electron-phonon coupling of hBN defects has been characterized using unidenti-

fied defects. The phonon modes observed for these defects match the phonon modes of

hBN. However, no observations of local vibrational modes, a key signature of the defect

species, have been made to date. For experimentalists to aid in the e↵ort of identifying lo-

cal modes, high-resolution photoluminescent excitation (PLE) spectroscopy studies should

be conducted with i) bulk-hBN and ii) suspended few-layer hBN to minimize the e↵ects
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of the substrate interactions with phonons in hBN. These studies should be systemic with

large sample sizes of defects. An initial set of defects to explore are the V�B and the VBC�N

defects. To corroborate the initial identification of V�B and the VBC�N defects, experimental-

ists should confirm by PLE spectroscopy that the observed vibrational modes are consistent

with theoretical predictions. Further studies can be envisioned focusing on yet unidentified

defects.

An additional point of clarity needed in the electron-phonon coupling for SQEs in hBN

is the e↵ect di↵erent isotopes of boron and nitrogen have on the SQE phonon-sideband

(PSB). To date PSB studies have been performed on hBN, which has a natural abundance

of 10B, 11B, 14N, and 15N. However, the phonon density of states of hBN will have peak

energies associated with each of these isotopes. For unidentified defects, it will be neces-

sary to identify the contribution of modes to the phonon DOS and the phonon sideband of

the defect. This will aid further in determining the contributions to the phonon density of

states, which are due to phonons or localized modes.

6.2.3 Spin Characterization

With the recent discovery of optically accessible spin states in the V�B and the VBC�N de-

fects in hBN the next appropriate step is to determine the spin lifetimes and spin coherence

of these defects to determine their viability as quantum memories and as magnetometers.

Determining the spin coherence in particular will be of key importance in determining the

quality of its quantum memory since the dephasing time (T ⇤2) determines how insensitive

the spin is to dephasing mechanisms. Initial studies will be conducted at room temperature.

But performing spin lifetime and spin dephasing measurements as a function of temperature

and magnetic field will also elucidate the relaxation and dephasing mechanisms a↵ecting

these defects. Both of which are critical to understanding how to optimally control hBN

quantum memories. A spin spectroscopy facility has been developed for this purpose the

details of which can be found in appendix A. Likewise the sensitivity of color center based

99



DC-magnetometers scales monotonically with T⇤2. Once T⇤2 is known initial applications of

these defects as magnetometers can be considered to determine their feasibility to measure

local magnetic fields at the mesoscale.

6.2.4 Towards indistinguishable SQEs

While defects in few-layer hBN are exceedingly bright and photostable at room tem-

perature they have yet to reach the Fourier limit for their optical coherence times. These

defects in few-layer hBN have been reported to have linewidths broadened from spectral

di↵usion over prolonged integration times exceeding 30s . Currently, these defects are not

su�ciently capable of acting as a SQE since they do not generate indistinguishable pho-

tons. To overcome this limitation fundamental studies must first be conducted to determine

the absorption linewidths of defects in bulk-hBN where defects are implanted well below

the surface (� 50 nm). This is to avoid interactions with surface charges and the elec-

tric dipole moment of the defect, thereby limiting the e↵ects of spectral di↵usion. These

measurements will thereby act as a lower bound on the absorption linewidths. Presuming

defects in bulk-hBN are not lifetime-limited, then continued pursuits should be taken to

couple defects to optical cavities thereby exploiting a Purcell enhancement in the optical

lifetimes to reach the Fourier limit.
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Appendix A

Appendix A: A mK Spin Spectroscopy Facility

1.1 Introduction

A myriad of quantum physics and quantum information science based technologies

require operation at extremely low temperatures on the order of ⇠100 mK. For example,

the silicon vacancy in diamond requires operation at mK temperatures to mitigate against

phonon-induced spin decoherence processes [94]. Additionally, the temperature depen-

dence of the spin coherence and spin lifetimes for V�B and VBC�N defects in hBN have yet

to be characterized. To access and control SQEs at mK temperatures a confocal micro-

scope or optical fiber access must be made available to a dilution refrigerator. Furthermore,

excitation optics and software control are necessary to perform initialization and readout

pulses for SQE spin relaxometry and spin coherence measurements. In this section I will

discuss the development of and technical details for a dilution refrigerator, scanning confo-

cal microscope in a dilution refrigerator and corresponding excitation optics and software

meant to perform spin spectroscopy at mK temperatures.

1.2 Dilution Refrigerator

Experiments operating at mK temperatures require a dilution refrigerator. A dilution

refrigerator works by condensing helium three and helium four in a mixing circuit, which

forms a dilute and concentrated phase of the helium three in its superfluid state within the

mixing chamber. The flow of the helium 3 from the concentrated phase to the dilute phase

absorbs heat from the mixing chamber.

We have a Leiden Cryogenics dilution refrigerator with a cold insertable probe, which

allows for rapid sample transfer of 1 day. The refrigerator’s key parameters for its per-

formance are its base temperature and its cooling power. Our refrigerator’s cryostat has a

base temperature of 14 mK whereas the base temperature of the probe is 19 mK. This base
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Figure 1.1: Cooling power of the dilution refrigerator. At 128 µW of applied power to the
mixing chamber plate of the probe, the probe is stable at 100 mK and the mixing chamber
of the fridge is stable at 48 mK. Above 6 mW of applied power, the circulation flow is
no longer able to keep up with the heat load, and the system begins mixture recovery.
The base temperature of the probe during this measurement was 45 mK, due to a poorly
clamped probe.

temperature is highly dependent on the thermal conductivity between each thermal stage

of the refrigerator cryostat and the probe (e.g. the mixing chambers for the refrigerator and

the probe). Under normal operation, the cold insertable probe is clamped to each thermal

stage of the fridge using a pneumatic actuator. However, when the fridge is not optimally

pumped, ice can form on the clamps thereby decreasing the base temperature of the probe.

To assure a low base temperature the fridge and probe are evacuated of any residual gasses

by pumping a vacuum of 1e-6 torr and purging each with helium before cooling. Under

normal conditions, the cooling power for the probe is 128 µW at 100 mK as shown in

Figure 1.1.
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1.3 Development of a mK-Scanning Confocal Microscope

In this section, I cover the technical aspects of how I built a scanning confocal micro-

scope into a dilution refrigerator. The integration of a confocal microscope into a dilution

refrigerator requires the fridge to have minimal vibrations, free-space optical access, as

well as a mK-cryogenic objective. Piezo-motorized stages are necessary for sample and

objective positioning. We include all of this functionality in our dilution refrigerator. The

cold insertable probe has an 8 mm diameter free-space access at each stage. We include

optical windows to filter out black body radiation. At the bottom of the mixing chamber, a

NA=0.84 cryogenic objective is positioned onto a z-axis piezo-stage. Below that is a three-

axis xyz-stage for sample positioning. The sample stage is thermally sunk to the mixing

chamber via thermal braids.

Figure 1.2: 8F Scanning imaging system. a) the ray optics simulation for a 8F scanning
imaging system. b) is a diagram of the cold insertable probe with the positions of the four
lenses L1-L4 of the 8F imaging system
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However, the DC current applied from the stages can induce larger thermal gradients

⇠ 100 mK and so other scanning capabilities are necessary, which minimize heating during

scans. An 8F (concatenated 4F) imaging system coupled to a galvanometer-based scanning

mirror capability is suitable for this application. In this case, the only heat deposited within

the fridge is that generated from the black body radiation and scattered laser light during

scans, which is minimal in power (⇠ µW) and heats the fridge only ⇠ 10 mK above its

base temperature. The selection of an 8F imaging system requires four lenses where each

nearest neighbor lenses i and j are separated by a distance d = fi+ f j. Here these two lenses

apply Fourier and inverse Fourier transforms thus creating a reversed replica of an input

image (i.e. input laser) at the output of the imaging system. The galvanometer mirror then

allows for the steering of the laser onto the sample surface as shown in Figure 1.2.

Here four lenses L1-L4 are placed on the cold removable probe: one in the atmosphere

outside the fridge, and one on the 50K stage, one on the 1K stage and one inside the mixing

chamber stage. Using a ray optics simulator, Zeemax, we simulate a scan range of ±36µm.

Our scan range is ultimately limited by the 8 mm diameter clear aperture of our 1 meter

long radiation shield on the cold insertable probe. We implement this design using L1-L4

with focal lengths F1 = 80cm, F2=F3=12.5cm, and F4= 27.5 cm lenses.

The remaining optics for collection and part of excitation are placed onto a custom-

made optics breadboard, which is situated on top of the dilution refrigerator cryostat as

shown in Figure 1.3. Laser light is passed from the excitation arm to a low-pass dichroic

mirror (DM), which reflects the laser beam onto the galvanometer mirror and 8F imaging

system. The light is focused onto a confocal diameter of ⇠1µm on the sample under test.

By the principle of reciprocity, light emitted by the sample is collected by the objective and

traverses the reversed ray path for excitation. The collected light from the sample is then

transmitted across the dichroic mirror (DM) and passed to the collection arm. The sample

light is then passed to a low pass filter, which blocks the residual laser light. The col-

lected sample light is then passed to either a camera for imaging, a single photon counting
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Figure 1.3: Collection optics for a mK-scanning confocal microscope. Laser light from the
excitation arm is reflected o↵ a low-pass dichroic mirror (DM) to a 2-axis galvanometer
mirror, which reflects the laser light onto the 8F imaging system. The 8F imaging system
comprises lenses L1-L4 steering the light onto a position on the cryogenic objective, which
focuses light on the sample. Photoluminescence (PL) from the sample is collected by the
objective and by reciprocity is passed to the DM where it is transmitted to a mirror (M),
which passes the light to a laser clean up filter. The PL is then selectively passed to either
a spectrometer, a camera or a single-photon counting module using two flip mirrors (FM).
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module for ODMR experiments, or a spectrometer to collect spectra. Polarization optics

(linear polarizer, and a half-wave plate) are optionally included in the excitation and col-

lection to allow for absorption and emission polarimetry. For ODMR style experiments

eight microwave lines are included in the cold insertable probe to drive SQEs spin states

coherently. Likewise, a 6-1-1 T vector magnet is housed inside the dilution refrigerator

cryostat to allow for aligning static magnetic fields along the symmetry axis of the defect

during OMDR experiments. Generally, this is done to limit the state readout from being an

admixutre of spin up and spin down, which makes the defect system less spin conserving

and more di�cult to readout the spin.
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1.4 Excitation Optics

To perform spin relaxometry and spin coherence measurements requires pulse sequences

of laser light, microwaves and readout periods. Defects with triplet ground states and a cor-

responding intersystem crossing relaxation pathways only require o↵-resonant laser light

for spin state initialization and readout [70]. Whereas defects with spin-orbit selection rules

require excitation pulses resonant with the spin state to be initialized or readout [94, 97].

An additional recharging pulse is often used before resonant excitation pulses as well to

assure the defect is repumped into the correct charge state. For this purpose, I used two

acousto-optic modulators (AOM) to convert cw 532 nm laser and the tunable output of an

optical parametric oscillator into pulse laser light as seen in Figure 1.4. The AOM is pulsed

by driving the AOM crystal with an 80 MHz carrier from a RF modulator. This drives

phonons through the crystal generating 1st order di↵raction modes with angular frequen-

cies !l ±!p, where !l is the laser frequency and !p is the phonon driving frequency. A

Swabian pulsestreamer then controls the RF driver to activate the laser pulses. The 532 nm

and tunable sources laser light are passed onto separate AOMs and their first order di↵rac-

tion modes are combined with a 50/50 beam splitter. The combined 532 nm and tunable

laser light is passed to the excitation arm on the breadboard using a single-mode fiber. The

polarization state of the laser is initialized using polarization optics on the breadboard. Ad-

ditionally, a half-wave plate (�/2) and a polarization beam splitter (PBS) are in the path of

each AOM to control the power of each source input into the dilution refrigerator cryostat.
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Figure 1.4: Excitation optics for mK-scanning confocal microscope. Here a 532 nm and
tunable laser light from a Millenia Edge and CWave OPO laser are input into an acousto-
optic modulator (AOM). The first-order mode of each source is passed to separate half-
wave plates (�/2) and polarization beam splitters (PBS) to control the power for each
source. The light of each source is combined on a beam splitter (BS) and fiber-coupled
to the excitation optics on the refrigerator breadboard using lenses L1 and L2 and a single-
mode fiber. A lamp source, used for imaging, is combined with the laser sources on a BS.
The optical polarization is initialized using a linear polarizer (LP) and a half-wave plate
(�/2). The light is then reflected o↵ a dichroic mirror (DM) into the dilution refrigerator.

1.5 Software

The control of ODMR pulse sequences was implemented using the CommandCenter

software package available at https://github.com/mwalsh161/CommandCenter/tree/ornl_

stopgap. This application has various layers in the software stack meant to i) manage

software modules, ii) implement experiments, data collection ann iii) establish control and

operation of photon source and corresponding drivers. For this facility, I wrote drivers and

photon-sources (referred to as sources from here on out) for our Cwave tunable laser, 532

nm laser, microwave signal generator, and pulsestreamer. The total collection of drivers

and sources written for this facility are provided below in bullet format.

• Drivers
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– CWave Laser

– Microwave Signal Generator

– 532 nm Laser

– Pulsestreamer

• Sources

– CWave Laser

– Microwave Signal Generator

– 532 nm Laser

The pulsestreamer driver controls the pulsestreamer and allows for the downloading,
running, stopping and starting of pulsesequences to the pulsestreamer. The laser and mi-
crowave drivers provide at a minimum functionality to i) initialize the driver, ii) turn the
hardware (laser, microwave signal generator, etc) on and o↵, and iii) tuning methods to
control the laser frequency for the case of tunable lasers such as the CWave. The laser
or microwave signal generator drivers were then combined with the pulsestreamer driver
to enable a controllable pulsed source. Each source can be selected and used during an
experiment to run a pulse sequences.
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[120]Viktor Ivády, Gergely Barcza, GergÅŚ Thiering, Song Li, Hanen Hamdi, Jyh Pin Chou,
Örs Legeza, and Adam Gali. Ab initio theory of the negatively charged boron vacancy
qubit in hexagonal boron nitride. npj Computational Materials, 6(1):1–6, 2020.

[121]Mads K. Boll, Ilya P. Radko, Alexander Huck, and Ulrik L. Andersen. Photophysics of
quantum emitters in hexagonal boron-nitride nano-flakes. Optics Express, 28(5):7475,
2020.

[122]Prince Khatri, Andrew J. Ramsay, Ralph Nicholas Edward Malein, Harold M.H. Chong,
and Isaac J. Luxmoore. Optical Gating of Photoluminescence from Color Centers in
Hexagonal Boron Nitride. Nano Letters, 20(6):4256–4263, 2020.

[123]Noah Mendelson, Marcus Doherty, Milos Toth, Igor Aharonovich, and Toan Trong Tran.
Strain-Induced Modification of the Optical Characteristics of Quantum Emitters in
Hexagonal Boron Nitride. Advanced Materials, 32(21):1–9, 2020.

[124]Alexander Bommer and Christoph Becher. New insights into nonclassical light emission
from defects in multi-layer hexagonal boron nitride. Nanophotonics, 8(11):2041–2048,
2019.

[125]Gabriele Grosso, Hyowon Moon, Christopher J. Ciccarino, Johannes Flick, Noah Mendel-
son, Lukas Mennel, Milos Toth, Igor Aharonovich, Prineha Narang, and Dirk R. En-
glund. Low-Temperature Electron-Phonon Interaction of Quantum Emitters in Hexago-
nal Boron Nitride. ACS Photonics, 7(6):1410–1417, 2020.

[126]P. Khatri, I. J. Luxmoore, and A. J. Ramsay. Phonon sidebands of color centers in hexag-
onal boron nitride. Physical Review B, 100(12):125305, 2019.

[127]Mark Fox. Optical Properties of Solids. 2010.

[128]Pavel Frantsuzov, Masaru Kuno, Boldizsár Jankó, and Rudolph A. Marcus. Universal
emission intermittency in quantum dots, nanorods and nanowires. Nature Physics,
4(7):519–522, 2008.

[129]C Bradac, T Gaebel, N Naidoo, M J Sellars, J Twamley, L J Brown, A S Barnard,
T Plakhotnik, A V Zvyagin, and J R Rabeau. Observation and control of blink-
ing nitrogen- vacancy centres in discrete nanodiamonds. Nature Publishing Group,
5(5):345–349, apr 2010.

120



[130]Sorawis Sangtawesin, Bo L. Dwyer, Srikanth Srinivasan, James J. Allred, Lila V.H.
Rodgers, Kristiaan De Greve, Alastair Stacey, Nikolai Dontschuk, Kane M. O’Donnell,
Di Hu, D. Andrew Evans, Cherno Jaye, Daniel A. Fischer, Matthew L. Markham,
Daniel J. Twitchen, Hongkun Park, Mikhail D. Lukin, and Nathalie P. De Leon. Ori-
gins of Diamond Surface Noise Probed by Correlating Single-Spin Measurements with
Surface Spectroscopy. Physical Review X, 9(3):1–17, 2019.

[131]Zhiyang Yuan, Mattias Fitzpatrick, Lila V. H. Rodgers, Sorawis Sangtawesin, Srikanth
Srinivasan, and Nathalie P. de Leon. Charge State Dynamics and Optically Detected
Electron Spin Resonance Contrast of Shallow Nitrogen-Vacancy Centers in Diamond.
Physical Review Research, 033263:1–11, 2020.

[132]L. Rondin, G. Dantelle, A. Slablab, F. Grosshans, F. Treussart, P. Bergonzo, S. Perruchas,
T. Gacoin, M. Chaigneau, H. C. Chang, V. Jacques, and J. F. Roch. Surface-induced
charge state conversion of nitrogen-vacancy defects in nanodiamonds. Physical Review
B - Condensed Matter and Materials Physics, 82(11):1–5, 2010.

[133]Lucio Robledo, Hannes Bernien, Ilse Van Weperen, and Ronald Hanson. Control and co-
herence of the optical transition of single nitrogen vacancy centers in diamond. Physical
Review Letters, 105(17):1–4, 2010.

[134]V. M. Acosta, C. Santori, A. Faraon, Z. Huang, K. M C Fu, A. Stacey, D. A. Simpson,
K. Ganesan, S. Tomljenovic-Hanic, A. D. Greentree, S. Prawer, and R. G. Beausoleil.
Dynamic stabilization of the optical resonances of single nitrogen-vacancy centers in
diamond. Physical Review Letters, 108(20):6–11, 2012.

[135]Gergo Thiering and Adam Gali. Ab Initio Magneto-Optical Spectrum of Group-IV Va-
cancy Color Centers in Diamond Ab INITIO MAGNETO-OPTICAL SPECTRUM of ...
GERGO THIERING and ADAM GALI. Physical Review X, 8(2):1–17, 2018.

[136]Rodney Louden. The Quantum Theory of Light. 2003.

[137]H. Paul. Photon antibunching. Reviews of Modern Physics, 54(4):1061–1102, 1982.

[138]Martin Berthel, Oriane Mollet, G raldine Dantelle, Thierry Gacoin, Serge Huant, and Aur
lien Drezet. Photophysics of single nitrogen-vacancy centers in diamond nanocrystals.
Physical Review B, 91(3):35308–35313, jan 2015.

[139]By R Hanbury Brown and R Q Twiss. A test of a new type of stellar interferometer on
sirius. Nature, 17:1046–1048, 1956.

[140]Roy J. Glauber. The quantum theory of optical coherence. Physical Review,
130(6):2529âĂŞ2539, 1963.
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Jyh-Pin Chou, and Adam Gali. Ab initio theory of negatively charged boron vacancy
qubit in hbn. 2019.

[154]Noah Mendelson, Dipankar Chugh, Je↵rey R Reimers, Tin S Cheng, Andreas Gottscholl,
Hu Long, Christopher J Mellor, Alex Zettl, Vladimir Dyakonov, Peter H Beton, Sergei V
Novikov, Chennupati Jagadish, Hark Hoe Tan, Michael J Ford, Milos Toth, Carlo
Bradac, and Igor Aharonovich. Identifying carbon as the source of visible single-photon
emission from hexagonal boron nitride. Nature Materials, 2020.

122



[155]T. T. Tran, C. Elbadawi, D. Totonjian, C. J. Lobo, G. Grosso, H. Moon, D. R. Englund,
M. J. Ford, I. Aharonovich, and M. Toth. . ACS nano, 10:7331, 2016.

[156]Toan Trong Tran, Carlo Bradac, Alexander S. Solntsev, Milos Toth, and Igor Aharonovich.
Suppression of spectral di↵usion by anti-stokes excitation of quantum emitters in hexag-
onal boron nitride. Applied Physics Letters, 115:071102, 2019.

[157]Bernd Sontheimer, Merle Braun, Niko Nikolay, Nikola Sadzak, Igor Aharonovich, and
Oliver Benson. Photodynamics of quantum emitters in hexagonal boron nitride revealed
by low-temperature spectroscopy. Physical Review B, 96(12):1–5, 2017.

[158]L. J. Martínez, T. Pelini, V. Waselowski, J. R. Maze, B. Gil, G. Cassabois, and V. Jacques.
E�cient single photon emission from a high-purity hexagonal boron nitride crystal.
Physical Review B, 94(12):1–5, 2016.

[159]Nathan Chejanovsky, Mohammad Rezai, Federico Paolucci, Youngwook Kim, Torsten
Rendler, Wafa Rouabeh, Felipe Fávaro De Oliveira, Patrick Herlinger, Andrej
Denisenko, Sen Yang, Ilja Gerhardt, Amit Finkler, Jurgen H. Smet, and Jörg Wrachtrup.
Structural Attributes and Photodynamics of Visible Spectrum Quantum Emitters in
Hexagonal Boron Nitride. Nano Letters, 16(11):7037–7045, 2016.

[160]M.A. Feldman, E.F. Dumitrescu, D. Bridges, M.F. Chisholm, R.B. Davidson, P.G. Evans,
J. A. Hachtel, A. Hu, R.C. Pooser, R.F. Haglund, and B. Lawrie. . Physical Review B,
97:081404, 2018.

[161]P.Y. Hou, Y.Y. Huang, X.X. Yuan, X.Y. Chang, C. Zu, L. He, and L.M. Duan. . Nature
Communications, 7:11736, 2016.

[162]D. England, P. Bustard, J. Nunn, R. Lausten, and B. Sussman. . Physical review letters,
111:243601, 2013.

[163]D. G. England, K. A. Fisher, J.-P. W. MacLean, P. J. Bustard, R. Lausten, K. J. Resch, and
B. J. Sussman. . Physical review letters, 114:053602, 2015.

[164]K. Lee, B. Sussman, M. Sprague, P. Michelberger, K. Reim, J. Nunn, N. Langford, P. Bus-
tard, D. Jaksch, and I. Walmsley. . Nature Photonics, 6(41), 2012.

[165]M. Schuetz, E. Kessler, G. Giedke, L. Vandersypen, M. Lukin, and J. Cirac. . PhysicalRe-
view X, 5:031031, 2015.
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