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Abstract

In this work, we present a simulation framework to describe the electronic dynamics of
nitrogen-vacancy (NV) centers in diamond.

The model is formulated within a matrix-based approach, where the system evolution is
governed by transition-rate matrices and modulated by a stretched-exponential term. One
matrix describes the dynamics under continuous optical excitation, while a second matrix
accounts for the electronic evolution in the absence of laser illumination (dark conditions).
The inclusion of the stretched-exponential contribution captures slow charge-conversion
processes, leading to variations in the NV~ population, which we attribute to two-photon
absorption processes involving NV? in our sample.

Our model is developed from the standard rate-equation formalism widely used in
the literature. We first analyze how this baseline model reproduces key experimental
observables, particularly the photoluminescence (PL) response. We then extend the model
by incorporating additional physical mechanisms, such as charge conversion, and apply
the formalism to characterize a diamond sample available in our laboratory.

The methodology developed here provides a systematic and reproducible protocol for
the characterization of NV-center ensembles with varying defect environments and material
properties, extending beyond the specific sample investigated in this work.

Keywords: NV Centers; NV Center characterization; NV Center simulation.

Resumo

Neste trabalho, apresentamos uma estrutura de simulacao para descrever a dindmica
eletronica de centros de vacancia de nitrogénio (NV) em diamante.

O modelo é formulado dentro de uma abordagem matricial, na qual a evolugao do
sistema é governada por matrizes de taxas de transicao e modulada por um termo de
exponencial esticada. Uma matriz descreve a dinamica sob excitagao 6ptica continua,
enquanto uma segunda matriz representa a evolugao eletronica na auséncia de iluminagao
(condigbes de escuro). A inclusdo do termo de exponencial esticada captura processos
lentos de conversao de carga, levando a variagdes na populagao de NV~ que atribuimos a
processos de absorcao de dois fotons envolvendo NV° em nossa amostra.

O modelo é baseado em um formalismo de equagoes de taxa amplamente utilizado
na literatura. Inicialmente, analisamos como esse modelo base reproduz observéveis
experimentais fundamentais, em particular a resposta de fotoluminescéncia (PL). Em
seguida, estendemos o modelo incorporando mecanismos fisicos adicionais, como conversao
de carga, e aplicamos o formalismo para caracterizar uma amostra de diamante disponivel

em nosso laboratorio.



A metodologia desenvolvida aqui fornece um protocolo sistemético e reprodutivel
para a caracterizacao de ensembles de centros NV com diferentes ambientes de defeitos
e propriedades do material, indo além da amostra especifica investigada neste trabalho.

Palavras-chave: Centros NV; Caracterizacao de centros NV; Simulacao de centros NV.
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1 Introduction

A Nitrogen-Vacancy (NV) center is a point defect in the diamond lattice, corresponding
to the replacement of one carbon atom by nitrogen and the absence of a neighboring
carbon atom. This system emits photoluminescence (PL) and PL measurements give
information about physical properties of the NV’s local environment, such as temperature,
magnetic and electric field (Rembold et al., 2020). There are two main types of NV centers
(Doherty et al., 2013): NV° whose ground state has spin-1/2 character, and NV ™, a
spin-1 system. Their electronic energy structures make these two systems fundamentally
different, with the latter being of particular interest in many areas of quantum information
due to its favorable optical properties at room temperature.

The broad range of applications of the NV center arise from its spin and optical
properties, which will be discussed in detail later (chapter 2). Under optical excitation,
the NV electronic dynamics enable efficient spin polarization into the my = 0 ground-state
sublevel. The mg = 0 and m, = £1 energy levels are separated by a well-defined zero-field
splitting in the microwave frequency range, enabling coherent spin manipulation of the
sublevels through resonant microwave pulse protocols. The PL intensity and decay depend
on the population distribution among the ground-state spin sublevels, enabling optical
readout of the NV spin state. External magnetic fields lift the degeneracy of the my, = +1
levels via the Zeeman effect. This shift can be detected using Optically Detected
Magnetic Resonance (ODMR) and gives quantitative information about the external
magnetic field, hence, NV are mainly employed as magnetic sensors.

The study of NV energy levels and electronic dynamics is important for developing
applications and for understanding the processes that enable quantitative sensing, including
how magnetic fields and temperature affect the system and how these effects can be
measured.

Single NVs and an ensemble of NVs can be used, depending on the applications as
shown in (Taylor et al., 2008). The author discusses first a single NV spin confined to a
nanoscale volume that can detect magnetic field generated by the precession of individual
nuclear spins. As a second application, diamond samples with a high density of NV centers
can be used to sense fields created by remote objects with ultra-high sensitivity. The
possibility of operation at room temperature, and the biocompatibility of diamond make
the NV useful as well in biological applications, introduced into living systems, such as
single cells (Rondin et al., 2014).

On the other hand, zero-field splitting is temperature-dependent. A variation in
temperature changes the energy difference between the m; = 0 and my = £1 levels, and
therefore a single NV is capable of detecting small variations in temperature with reported

sensitivities reaching the millikelvin range under optimized conditions and length scales of
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a few nanometers (Neumann et al., 2013).

Another important process within the context of NV electronic dynamics is charge
photoconversion. Since charge dynamics directly affect the observed photoluminescence
signal, understanding these processes allows the accurate modeling of NV ensembles.
Ionization in high density NV ensembles (NV~ — NV ) (Giri et al., 2018) and the
back-conversion (NVY — NV ™) on single NV (Beha et al., 2012) have been reported, and
studies indicate that both processes are mediated by two photons. Charge conversion makes
possible a non-optical spin state readout (Shields et al., 2014) that shows advantages in
spin detection sensibility over traditional ODMR techniques (Bourgeois; Gulka; Nesladek,
2020).

Although the fundamental properties of the NV center are well established, practical
characterization of real diamond samples remains a challenge, particularly in high-density
NV ensembles where the interplay between spin polarization, optical pumping, charge
photoconversion NV-NV interaction and other bulk phenomena are more impactfull.

Developing a model capable of quantitatively reproducing experimental observations
and extracting physically meaningful parameters from them helps reliable and reproducible
sample characterization, predicting the outcome of NV-based experiments and potential
applications of the specific sample based on its characteristics.

The model developed in this work is able to reproduce the experimental photolumines-
cence dynamics observed in a specific diamond sample and to provide consistent effective
transition rates associated with spin relaxation and charge conversion processes. Further
validation across different experimental configurations constitutes a natural extension of
this approach, which may help enable the use of samples characterized by the models in
the applications cited above.

In this work, the ionization process (NV~ — NV?) and the back-conversion (NV? —
NV ™) are modeled as distinct dynamical channels. This explicit separation provides a
clearer interpretation of how photoluminescence varies over time in NV ensembles and
enables direct extraction of effective rates from experimental data.

In chapter 2, the properties of the NV center structure, electronic dynamics, and
charge conversion that are essential for the full evaluation of this work are discussed. An
introductory model that simulates the electronic dynamics in an optical cycle is introduced
in chapter 3, together with the relation between the PL curve of a dark-time experiment
and the matrices that compose the model. The details of the experiments performed in the
laboratory are presented in chapter 4. The model expansion based on the experimental
data is described in chapter 5. In chapter 6, it is shown how the simulation reproduces
the experimental data, followed by a discussion of the physical parameters involved. Finally,
an evaluation of our model, as well as suggestions for experiments and insights for future

work are presented in chapter 7.
6
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2 The Nitrogen-Vacancy Defect

2.1 Physical description

Diamond is a 3D crystalline form of carbon (C), in which the atoms are arranged
in a structure that can be described as two interpenetrating face-centered cubic (FCC)
lattices displaced along the body diagonal. Numerous point and extended defects have
been identified in diamond, and more than one hundred of them are optically active,
naturally leading to a physical classification based on the properties that emerge due to
these defects. Some of the classifications will be summarized here and more details can be
found in (Zaitsev, 2001).

In type-I diamonds, nitrogen-related defects are present at concentrations high enough
to be detected through optical absorption or Electron Paramagnetic Resonance
(EPR), and 98% of natural diamonds can be classified as type-1. A type-Ia diamond
does not show absorption due to single substitutional nitrogen atoms and these impurities
tend to aggregate, creating a nonparamagnetic profile in EPR spectroscopy. In contrast,
if the dominating defects are paramagnetic single substitutional nitrogen, the diamond
is classified as type-Ib. If a vacancy forms adjacent to such a substitutional nitrogen
atom, a nitrogen-vacancy center may be created. Type-II diamonds do not show optical
absorption due to nitrogen defects nor a paramagnetic profile, being sub-classified based
on absorption dominated by other defects: Type-Ila do not show optical absorption by
boron whereas type-IIb diamonds do show optical absorption signatures related to boron
impurities, which act as acceptors and give the diamond p-type semiconducting properties.

Two main approaches are commonly used for the fabrication of NV centers: Ion
Implantation and Chemical Vapor Deposition (CVD). In the first method, high-
energy nitrogen ions are accelerated and implanted into a pure diamond (usually type
ITa) crystal, creating lattice damage and vacancy distributions along the ion trajectories.
After this, the diamond goes through an Annealing step, with temperatures of 800°C to
1200°C, allowing the vacancies to move around the lattice and become trapped next to a
nitrogen. This technique allows for high spatial control of the concentration of NVs in the
diamond sample(Pezzagna et al., 2010).

Alternatively, NV centers can be incorporated during diamond growth by (CVD), in
which NVs are created while the diamond is growing, with small doses of N, introduced
in the chamber during the growth process. Naturally, vacancies generated during growth
can become adjacent to substitutional nitrogen atoms, leading to in-situ NV formation
and resulting in samples with less structural damage compared to ion implantation
(Balasubramanian et al., 2009).

Depending on its electronic configuration, the Nitrogen-Vacancy defect can be positively
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charged (NVT), neutral (NV?) or negatively charged (NV ~). The symmetry of the NV
center is determined by its atomic configuration thus being independent of its charge
state. The defect belongs to the Cj, point group, characterized by a threefold rotational
axis along one of the (111) crystallographic directions and three vertical reflection planes
(Figure 1). The principal symmetry axis coincides with the N—=V bond direction, and
defines a natural quantization axis for the electronic spin. This symmetry also governs the
classification of the electronic states into representations (A;, Ay, and E) and determines

transition selection rules (Gilardoni, 2021).

NV|[[111]

NV||[A11] NV| 1]
Source: (Pham et al., 2012)

Figure 1 — The NV symmetry axis lies along a body diagonal of the cubic diamond lattice
represented by the Miller indices [111], and together with the three other
symmetry-equivalent orientations, these directions form the (111) family. The
red arrows indicate the quantization z-axis associated with each orientation.

2.2 Negatively charged NV

2.2.1 Electronic Structure

The negatively charged NV center (NV ™) exhibits a strong optical transition at 1.945
eV (637 nm) (Figure 2), corresponding to the zero-phonon line (ZPL) of the 4, <33 F
transition, which is followed by prominent vibronic side bands, both in absorption and
emission spectra. The electronic ground state of the NV~ is a spin-triplet state (S = 1),
composed by six electrons occupying molecular orbitals (MO) formed by the dangling bonds

of the nitrogen atom and the three adjacent carbon atoms, with one additional electron
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from a donor in the lattice. The zero-field splitting is a result of spin-spin interaction that
lifts the degeneracy of the mg = 0 and mg = £1 sublevels, with parameters: D ~ 2.87
GHz and E =~ 0 (Doherty et al., 2013). These parameters will appear in the effective

Hamiltonian for the ground state.

Wavelength (nm)
750 700 650 60 550 500

400 450 500 550 600
Frequency (THz)

Source: (Carbery et al., 2024)

Figure 2 — NV~ emission and absorption curves. Red line is the NV emission (PL). Blue
line is the absorption and orange line is the laser spectrum. Dotted vertical
line is the ZPL at 470.3 THz (637.4 nm)

2.2.2 Ground-State Hamiltonian

The electronic ground state of the NV~ center is a spin-triplet state (S = 1), whose
dynamics can be described by an effective spin Hamiltonian. In the absence of external
perturbations, the dominant interaction arises from spin—spin dipolar coupling between
the unpaired electrons.

This interaction splits the mg = 0 level from the degenerate mg = +1 sublevels even in
the absence of an external magnetic field, leading to an energy gap ZFS. The corresponding

Hamiltonian term is written as

S(S+1)

Hyps = D <52 - ) +B(S? - 52, (2.1)

where D ~ 2.87 GHz is the axial zero-field splitting parameter and F accounts

for transverse symmetry-breaking effects such as strain. The parameter D varies with
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temperature and pressure, with coefficients of approximately —80 kHz/K and 1.5 kHz/bar,
respectively (Rembold et al., 2020).

In the ideal case of perfect symmetry, £ = 0 and the mg = +1 states remain degenerate.
However, lattice strain or electric fields can reduce the symmetry and induce a finite F,
lifting this degeneracy.

In the presence of an external magnetic field B aligned to the quantization axis z

(Figure 1), the Zeeman interaction must be included, yielding the effective Hamiltonian:

T

H =hD <S2 - S(STH)> +hB(S? — 52) + gusB - S, (2.2)

where g ~ 2 is the electronic Landé factor and pp is the Bohr magneton. There are
hyperfine and spin—nuclear interaction terms in the full Hamiltonian, but they will not be
considered in this work.

This Hamiltonian hints an important feature of NV ~. The parameter D lies in the
microwave frequency range, so microwave radiation is used to drive transitions between
the mg = 0 and mg = +1 sublevels, fundamental for ODMR experiments and population
control in the ground state, enabling coherent manipulation and optical readout of the

electronic spin.

gupB. + 1

gupB.

-1

D = 2.87 GHz

0 0
Zero-Field Splitting Zeeman Effect

Source: By the author.

Figure 3 — Ground-state energy level in absence of magnetic field (left) and in the
presence of a magnetic field (right).

2.2.3 Optical Cycle

The intrinsic electronic dynamics of the NV~ center are responsible for spin polarization
and spin readout, two key features of this system. The six-level model shown in Figure 5

illustrates the main processes governing these dynamics.
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Figure 4 — Six level model of the electronic dynamics in the negatively charged NV
. Solid blue and pink lines represent radiative decay. Green arrow represents non-resonant
laser excitation. Gray dashed arrows represent the singlet dynamics via ISC which is
predominantly non-radiative.

Under green laser excitation (typically 532 nm or 509 nm), the population from the
ground state is promoted to the excited triplet state 3E. This transition is largely spin-
conserving (Robledo et al., 2011). Green-light excitation is highly efficient due to the
strong coupling between the NV center electronic levels and the vibronic modes of the
diamond lattice. This coupling gives rise to a broad phonon sideband in the absorption
spectrum (see Figure 2), extending well above the zero-phonon line at 637 nm.

Upon absorption of a photon with energy greater than the ZPL transition energy, the
NV center is promoted to vibronically excited levels of the 3E state, followed by rapid
non-radiative relaxation within the excited-state manifold to its lowest vibronic level.
Efficient optical excitation is typically achieved in the green spectral range ( 510-550 nm)
(Aslam et al., 2013). More details on the NV vibronic structure can be found in (Doherty
et al., 2013).

The phonon sideband is a broad absorption spectrum, providing a continuum of
vibronic transitions that significantly enhance the absorption probability. Green-light is
also sufficiently energetic to convert NV dark states into NV~ increasing the PL, as
discussed later in subsection 2.2.5.

Electrons in the E state predominantly decay to the A, state by emitting a photon
whose wavelenght follows Figure 2 while also preserving their spin projection, thus returning
to the 3A,.

However, they can also decay via a non-radiative channel, to the !E. This non-radiative
transition from the triplet excited state to the singlet manifold is called Inter-System

Crossing, where the electron loses energy to the lattice mediated by spin—orbit and
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vibronic interactions (Penfold et al., 2018). In the metastable singlet state, the transition
! — 1A, emits photons within infrared (IR) range around 1042 nm.

The non-radiative decay of the *E through the singlet state is more likely to happen
for the electronic sublevels my; = +1 so it is responsible for the spin selectivity. After
many optical cycles, the electrons in a NV ensemble are mostly populated in the mg =0
sublevel (initialization of the NV), resulting in enhanced PL. This spin-dependent PL

enables optical readout of the spin state.
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Figure 5 — Simulated optically detected magnetic resonance (ODMR) spectra of the
NV~ center for different magnetic field magnitudes, showing the splitting of
the my = +£1 transitions. Photoluminescence (PL) as a function of microwave
frequency.

The spin dependence of the photoluminescence, together with the zero-field splitting
and the strong spin-magnetic field coupling described in subsection 2.2.2, makes the NV
center a highly sensitive magnetic sensor. Once the NV center is optically initialized into
the m, = 0 state, a drop in PL can be observed while sweeping the microwave frequency.
When the microwave frequency matches the spin transition frequency near the zero-field
splitting at 2.87 GHz, population is transferred from the m, = 0 sublevel to the my = +1
sublevels. Upon application of a static magnetic field, the my; = +1 and my = —1 are no
longer degenerate, two dips appear. The Zeeman frequency splitting between these dips is
given by Af = 2gugB. and is proportional to the projection of the magnetic field along
the NV symmetry axis, as described by Equation 2.2.

2.2.4 Spin Relaxation and Coherence Times

The performance of NV-based quantum sensing and information protocols is ultimately
limited by the characteristic spin relaxation and coherence times of the ground-state

triplet.
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The longitudinal relaxation time 77 describes population relaxation between spin
sublevels. Physically, it corresponds to the time scale over which the system returns
to thermal equilibrium after optical polarization. At room temperature, 7 in high-
purity diamond can reach the millisecond range and is primarily limited by spin—lattice
interactions. The value of T7 depends on sample size, temperature, and the concentration
of impurities in the crystal. (Tetienne; Hingant, et al., 2013).

The transverse relaxation time 75 characterizes the decay of quantum coherence between
superpositions of spin states caused by fluctuating interactions that dephase these states
due to magnetic noise from the surrounding spin environment, including *C nuclear spins
and other paramagnetic defects. In isotopically purified samples, T5 can reach hundreds
of microseconds and even approach the millisecond regime under dynamical decoupling
sequences (Mizuochi et al., 2009).

In ensembles, each NV has different local conditions and the expectation value of a
given observable must be averaged. This averaging leads to inhomogeneous spin dephasing
that is characterized by the time 7T}. It is typically shorter than 75, being limited by
quasi-static magnetic field fluctuations and ensemble inhomogeneities.

The coexistence of long coherence times and long spin polarization permanence at
room temperature is a key feature that makes the NV center a unique solid-state quantum

system.

2.2.5 Charge Conversion

2.3 Neutrally Charged NV

Conduction band

1A1_

_/
lEl_;\‘

2E
NV- NV°
Valence band

Source:(Gorrini et al., 2021)

Figure 6 — Electronic dynamics scheme. Green arrows represent optical excitation (solid
arrows) and charge conversion (dotted arrows). Red and yellow arrows indicate
radiative decay from the excited levels of NV~ and NV?, respectively. Blue
arrows denote non-radiative intersystem crossing decay, and dotted black
arrows indicate tunneling transitions in the dark between the NV~ and NV°
ground states, responsible for restoring the NV~ /NV? population ratio to
equilibrium.
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The neutral charge state (NV?) differs from NV~ primarily in its electronic structure.
NV?Y has one fewer electron (5 electrons in total) and the ground-state, ?E, is a spin
doublet (spin-1/2) , with no DS? term and thus, with no zero-field splitting). Optically,
NV?Y is characterized by a zero-phonon line at 2.156 ¢V (575 nm).

In ensemble measurements, additional effects such as charge-state dynamics may
contribute to the effective decay times observed experimentally and while NV is less
commonly employed for magnetometry applications, it plays an important role in charge-
state dynamics and photo-induced charge conversion processes, which is relevant for the
characterization and understanding of NV ensembles.

A representation of the energy and charge state transitions is given in Figure 6

2.3.1 Ionization

Under optical excitation, the NV center can undergo charge-state conversion between
NV~ and NV°. Photoionization processes may promote an electron from the negatively

charged defect into the conduction band, resulting in the transformation
NV™ = NV +e .

This process can occur via excitation to the 3£ state followed by ionization, and its proba-
bility depends on the excitation wavelength and laser intensity (Aslam et al., 2013).There
are indications that ionization occurs by two-photon absorption and an Auger process and

does not require any other impurities close to the NV (Siyushev et al., 2013):
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Source:(Siyushev et al., 2013)

Figure 7 — Ionization of NV ~. Different occupation states slightly changes the energy
levels as shown.

The first step is the excitation of NV~ (a?e? — a;e?) and while still excited, the NV
might absorb another photon, promoting the electron to the conduction band (CB).

Recombination of this bound electron via an Auger process leads to the promotion of an
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electron from an e orbital to the conduction band, leaving the NV in the NV° charge
state. Ionization causes a sharp rise in the PL, and its influence is greater with more
concentration of nitrogen and NV centers (Giri et al., 2018). The system returns to
equilibrium in the dark via charge-state tunneling transitions between the ground states
of NV~ (34;) and NV? (*E)(black dotted arrow in Figure 6).

2.3.2 Back-conversion

The neutral charge state can capture an electron from the surrounding lattice or from

nearby donor impurities, leading to charge recombination:
NV?+e” — NV~

This recombination process can also be explained by a two-photon process (Figure 8).

Firstly, NVY is excited by absorption of a first photon promoting an electron to an e
orbital. A second photon transfers an electron from the a; orbital in the valence band to
the a; orbital in the bandgap before the radiative recombination of the excited state NV°
, creating a hole in the a; orbital in the valence band (VB). This hole migrates away
from the NV center, leaving the NV in the negative charge state NV ™.

Back-conversion is responsible for a sharp rise in the NV~ population within the
sample (Gorrini et al., 2021). Similarly to the ionization case, equilibrium is reached via
charge-state tunneling transitions between the ground states of NV~ (34,) and NV (*E)
(black dotted arrow in Figure 6).
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Figure 8 — Back-conversion NV? — NV . Different occupation states slightly changes
the energy levels as shown in the schematics
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3 Starting model

3.1 Rate Equation Model

In general, the time evolution of an open quantum system such as the NV center can
be described by the Lindblad master equation,

Y i+ 3 (Lapll ~ L}, (3.1)
dt h ~ @20

where p is the density matrix of the system, H.g is the effective Hamiltonian, and
the jump operators L, describe dissipative processes such as spontaneous emission, spin-
dependent intersystem crossing, and charge conversion. As an example, the Lindblad
formalism has been employed in (Poggiali; Cappellaro; Fabbri, 2017) to measure the
excited-state transverse hyperfine coupling.

The optical coherence time in the NV center is much shorter than the radiative lifetime,
primarily due to strong vibronic coupling in the orbitally degenerate excited state 3FE,
which induces rapid orbital mixing and dephasing (Fu et al., 2009). This mechanism is
not restricted to low temperatures. At room temperature, the orbital components of the
excited state are averaged by thermal vibrations; thus, the excited state effectively exhibits
the properties of an orbital singlet (Rogers et al., 2009).

As a consequence, coherences between distinct electronic eigenstates, represented by
the off-diagonal density matrix elements p;; (i # j), decay on timescales much shorter
than those associated with population relaxation.

Under these conditions, the Lindblad equation reduces to a set of coupled differential
equations involving only the level populations. Throughout this work, no coherence-
generating terms are included in the Hamiltonian, nor are resonant microwave fields
applied simultaneously with the green laser excitation (in such cases, this simplification
would not be valid), justifying the rate-equation approach (Hincks; Granade; Cory, 2013).

We began this work by studying the model presented in (Song et al., 2020), which
focuses on optimizing the polarization efficiency of NV centers under optical excitation.
That work adopts a rate-equation formalism written in matrix form, using transition rates
reported in the literature.

The model simulates the population dynamics between the energy levels represented in
Figure 5. The NV state is described by the population vector P = (P, P, P3, Py, P5, Ps),
where P, is the population of sublevel |i) and ). P; = 1. We consider that the NV starting
state is the thermal state given by Py = (%, %,
levels are evenly distributed between my, = 0,41 and -1.

0,0,0,0) meaning the ground state spin
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The time evolution of P during an optical cycle is described by the rate equations,

which in matrix form are given by:

dpP _
— = MP. 3.2

Here, we take M = M, for the transition-rate matrix during laser pumping, and
M = M, for the transition-rate matrix in the dark. The population transfer between levels
i) and |j) is described by k;; (in ns™h), with ki3 = koy = a and ks = ks = k.

The main difference between both matrices are the laser-driven transitions. In this
initial case, it is represented only by the transition from the ground state to the excited
state (ki3 = kog = a), but other laser-driven transitions will appear later.

All transition rates related to the laser presence will be represented with the letter
a. The dependence of these transition-rates with the laser properties are discussed in
section 6.1.

The transition rates and the definitions of both matrices are given below.

Table 1 — Transition rates (ns™!)

a k ks K5 k56 k61 ko
0.099 0.0699 0.0049 0.0299 0.999 0.0032 0.0022

Note: Parameters from (Song et al., 2020), divided by 2.
These parameters were gathered from different experiments
in the literature.

[—a 0 k 0 0 ker |
0 —a 0 k 0 k62
0 —(k+k 0 0 0
My= | (F+ fss) (3.3)
0 a 0 —(k+kgs) O 0
0 0 k‘35 k45 _k56 0
[0 0 0 0 kse  —(ke1 + Ke2) |
and
[0 0 k 0 0 ker |
0 0 0 k 0 ke
00 —(k+k 0 0 0
M, — (k o kas) (3.4)
0 0 0 —(k+kis) O 0
00 k35 kqs —ks6 0
0 0 0 0 ks —(ke1 + ke2) |

3.1.1 Imitial Improvements

The first modification introduced in this model was the splitting of the m, = £1
sublevels in both the ground and excited states, adding two additional energy levels and

increasing the dimension from 6 to 8.
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The goal was to reproduce the results of (Song et al., 2020) within this extended Hilbert
space. Breaking this degeneracy allows, in future works, the inclusion of spin—magnetic
coupling interactions. Although the interaction of the NV center with external magnetic
fields has not yet been considered in this work, all simulation results obtained so far are
equivalent with and without the energy-level splitting, for all models described from this

point onward.

Simulation reproduction

0.86 | }’/-
0.84} c 0.84
S 2
2 050 & 0.82
E . I —s— 4 ns E 0.80
S —— 10ns = —e— 4ns
o —— 20 ns Q- 0.78 10ns
0.76 . . . . _ 0.76 —e— 20ns
0 10 20 30 40 50 0 o 20 30 0 0
N (Times) N (times)
(a) Polarization vs Number of pulses for (b) Simulation reproduction.
different pulse widths (Song et al.,
2020)

N

tS
laser iM l -

(c) Example of simulated experiment reproduced
to verify the model.

Figure 9 — Comparison between simulation and measured data for 2 different experiments.
The results from (a) and (b) are from the simulated experiment represented in
(c) by tracking the P, population after each of the N pulses, where a train of
N pulses of width t, equally spaced by a wait time of £,, employed to polarize
the NV. Final population P; for 4 ns pulse width is 86.6%.

3.2 Longitudinal Spin Relaxation

The experiments discussed in (Song et al., 2020) are performed in a short-time regime
and therefore do not take spin relaxation into account. Inspired by the model presented in
(Tetienne; Hingant, et al., 2013), we introduced longitudinal spin relaxation through the
relation 1/7; = 3k, where k; is the transition rate between the ground-state sublevels
|0) <> |+1) and |0) <> |—1).

This modification enables the simulation of the dark-time experiment performed in

that work (Figure 10) and also clarifies the relation between the photoluminescence (PL)
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signal and the level populations. Establishing this relation further allows the simulation of
other time-resolved photoluminescence experiments, which will be discussed later.

The PL curve was simulated using the same transition rates from Table 1, together
with T} = 16 us (corresponding to 1/7) = 3k,). The authors have obtained this value of

ks by fitting their experimental data to the expression below.

Z(1) = Z(c0) [1 — Cpe /T 4 Cre™/M] . (3.5)
~ 115
s 2 1.10
T =
8-1.05
0.1 1 10 100 1.00 0.1 i 10 100
Dark time (us) Dark time (ps)
(a) PL versus dark time from (Tetienne; (b) Simulation result.
Hingant, et al., 2013).
initialization readout
T
laser _I_I“:"I_l_
detection |

gate

(c) Schematic representation of the
experiment.

Figure 10 — Comparison between the experiment reported in (Tetienne; Hingant, et
al., 2013) and the simulation obtained with our model. The NV center is
initialized by a 3 us laser pulse, followed by a dark interval of duration 7. A
probe pulse is then applied for PL detection, with a photon-detection gate
of 300 ns. The photon counts are integrated within the detection window,
producing a point on the y-axis of (a) corresponding to the chosen dark time
between pulses.

The updated transition matrices are given by:

—(a+2ks) ks s k 0 0 0 k61
ks —(a-‘,—ks) 0 0 k 0 0 k:62/2
ks 0 7(a+k5) 0 0 k4o 0 k:62/2

_ a 0 0 —(k+kss) 0 0 0 0
My = 0 a 0 0 —(k+ka5) 0 0 0 (3.6)

0 0 a 0 0 —(kaz+kas) O 0
0 0 0 k35 k45 kas —ks6 0
0 0 0 0 0 0 k56 7(14361 +k62)

and, for the laser-off configuration,
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—2ks ks ks 0 0 0 0 ke1

ks —ks O 0 0 0 0 ke2/2
ks 0 —ks O 0 0 0 kez2/2

- 0 0 0 —(ksz) O 0 0 0

M, = 0 0 0 0 —(kas) 0 0 0 (3'7>

0 0 0 0 0  —(ksotkss) O 0
0 0 0 kss kas kas —kse 0
0o 0 0 0 0 0 kss —(ke1+ke2)

Table 2 — Transition rates for the case where longitudinal spin relaxation
is considered (ns™!)

a k ks Fus Fse k61 K2 ks
0.099 0.0699 0.0049 0.0299 0.999 0.0032 0.0022 2.083 x 10~°

Note: Parameters from (Song et al., 2020), divided by 27. These parameters
were gathered from different experiments in the literature. The rate ks was
obtained by (Tetienne; Hingant, et al., 2013) by fitting the curve shown in
Figure 10(a).

The population vector is now defined as

P = (P, Py, Py, Py, Py, Py, Ps, Ps), (3.8)
where the subscript m denotes the spin state m, = —1 and p denotes m, = +1. The

initial thermal state is given by

—

Py = (%5%7%7070707070)' (39)

3.2.1 Relation Between the PL Curve and the Model Matrices

In the supplemental material of (Tetienne; Hingant, et al., 2013), Equation 3.5 is
derived assuming a simplified four-level model and a short detection window (300 ns).
Since our model successfully reproduces the PL curve via simulation, we need to establish
the connection between the function describing this curve and the transition rates that
define our eight-level model.

The analytical solution (Berberan-Santos; Martinho, 1990) for the population dynamics
governed by Equation 3.2 is given by

P(t) = eM'P(0). (3.10)

We define the emission rate R(t), which is proportional to the population of the
radiative excited states, as (Magaletti et al., 2024):

R(t,7) = k[Ps(t,7) + Pin(t,7) + Piy(t, 7)] | (3.11)

where £ is the radiative transition rate and Ps, Py, and Py, are, respectively, the

populations of the sublevels my; = 0, m; = —1 and m, = 1 in the excited state.
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To account for the photon counts detected experimentally, this rate must be integrated

over the detection window. For the eight-level model, the PL signal can be written as

T 8
PL(r) — /O R(t,rydt =3 Aye, (3.12)
=1

where ¢ denotes the detection window duration( in our case, the probe duration
coincides with the detection window ranging, from 0 to the T"), A; are the eigenvalues of
M, and 7 is the dark-time duration. The detailed derivation of this expression is presented
in Appendix A.

Equation 3.11 is fundamental for the PL simulation in our model. The simulation
is based on finding the evolution of the population, either with the laser on or of, and
then integrating this emission rate for the detection window that corresponds to the probe
pulse. This will return a PL x Dark time curve and Equation 3.12 allows us to fit the
simulated curve (as shown in Figure 10) and extract the dominant eigenvalues from the
exponential terms with the largest amplitudes.

The eigenvalues of M; (Equation 3.7) are:

Table 3 — Eigenvalues of M;
defined in Equa-
tion 3.7.

Eigenvalue = Multiplicity
0 1
—(k + k35) 1
—(k + ky5) 2
—k 1
1
1
1

(Calculated with SymPy)

Spin relaxation simulation

1.15
>
o 1.10

8- 1.05

1.00

0.1 1 10 100
Dark time (us)

Figure 11 — Fit of the simulated PL curve using a multi-exponential model. The simula-
tion is shown in black and the fit in yellow.
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Table 4 — Fit parameters and corresponding characteristic times (7; = 1/|\;]).

Mode A; A\; (numerical, ns™) 7, (ns)  \; (analytical)
1 0.0442605 0075847 131844 —(k + k)
2 00812122  —0.00549723 181.91  — (ko1 + ke2)
3 0.197227 —6.25001 x 107° 1.6 x 104 —3ks
C =1.73981

The parameters that fit the curve shown in Figure 11 (yellow line) are listed in Table
4. We used Equation 3.12 to fit the simulated PL curve, but only three exponential terms
were sufficient to describe the dominant features of the PL curve, indicating that the
related processes are the most dominant when describing the dynamics.

The exponents obtained from the fitted exponential terms were equivalent to three
(or four, considering the A\; = 0 eigenvalue that is not a exponential in the final fit) of
the eingenvalues of M; (Table 4) as expected, since we know from Equation 3.12 that the
PL is a sum of exponential terms whose exponents are the eigenvalues of M;. Since M,
has 8 eigenvalues, it was expected 7 exponential terms, with one constant term related to
A; = 0, but the fit only required three exponential terms, indicating the amplitudes for
the terms related to the other eigenvalues are very small. The same result was obtained
by explicitly calculating the PL expression using NumPy and SymPy with the previously
defined matrices.

The amplitudes and characteristic times provide insight into the electronic dynamics
of the NV center. Exponential terms with negative amplitudes correspond to a rise of
the PL signal as a function of dark time, whereas positive amplitudes correspond to a PL
decrease.

The characteristic time 7; & 13 ns is associated with the radiative decay of the excited
state with ms; = 0. During optical initialization, the population becomes predominantly
concentrated in P3. The transition P; — P; occurs with a characteristic time of ap-
proximately 13 ns. If the probe pulse arrives within this time scale, many electrons are
still in the excited state, and the probe cannot excite as many additional electrons as it
would immediately after initialization. As the dark time increases beyond this scale, the
excited-state population decays, modifying the detected PL accordingly.

The characteristic time 7; ~ 181 ns is related to the non-radiative decay pathway
through the metastable state. Electrons that decay through intersystem crossing are
transferred to the metastable level and remain there temporarily. The decay from P to
the ground-state sublevels occurs on a time scale of approximately 180 ns and is spin-

selective, preferentially repopulating P;. As a consequence, for dark times longer than
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this characteristic time, the population in |0) increases, enhancing the PL signal when the
probe pulse is applied.

Finally, the characteristic time of approximately 16 us corresponds to longitudinal
spin relaxation. This value was extracted from (Tetienne; Hingant, et al., 2013) and
incorporated into our model through the rate k,. The fit of the simulated PL curve
recovers this same time scale explicitly as one of the dominant exponential terms, whose
exponent is precisely the eigenvalue —3ks of M;, demonstrating that the added relaxation
rate manifests itself in the PL dynamics. This result indicates that a PL dark-time
experiment can be used to extract 77 directly from our NV sample. At long dark times,
spin relaxation progressively mixes the ground-state populations, reducing the degree of
spin polarization. This depolarization decreases the PL signal and ultimately drives the
system toward the thermal state (Equation 3.9).

In contrast to Equation 3.5, an additional exponential associated with 7; (Table 4)
appears in our fit. The model in (Tetienne; Hingant, et al., 2013) considers only the
metastable level and the three ground states, neglecting the explicit contribution of the
excited-state dynamics. Experimentally, resolving this fast exponential contribution is
challenging: the probe pulse duration must be much shorter than 13 ns, and precise control
of short dark times is required. These experimental constraints may prevent the clear
observation of this additional exponential term in measured PL profiles, which will also be

the case in our experiments, as discussed later.

3.3 PL Lifetime Experiment

Photoluminescence decay PL decay simulation and bi-exponential fit
3| ® Simulation
10 —— Bi-exponential fit
104,
3 3 102,
L 103 5,
— 1
o o
101,
102_
0 20 40 60 80 100 10 20 30 40 50 60 70 80 90
t(ns) t(ns)
(a) Example of a emission decay curve (b) Simulation (black) and bi-exponential
measured in our laboratory. fit (red).

Figure 12 — Comparison between an experimental result from our laboratory and the
corresponding simulation. Fit parameters are listed in Table 5.

Optical excitation followed by time-resolved photoluminescence detection provides

a direct method to determine the excited-state lifetime. This lifetime is related to the
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emission rate (Equation 3.11) and, consequently, to the characteristic decay times 1/(k+kss)
for Py and 1/(k + ky2) for Py, and Py,.

Table 5 — Fit parameters and corresponding characteristic times (7; = 1/|\;|) for the PL
decay experiment Figure 12(b).

Corresponding spin state A; Ti Ai
e = 0 1337.63 13.34  —(k + ks3)
m, = +1 2641.68 10.00 —(k + kus)

Similarly to the procedure described in the previous section, a bi-exponential function
can be fitted to the simulated emission decay curve, allowing the recovery of the eigenvalues
of M, associated with the excited-state decay. The experiment consists of applying a short
optical pulse followed by time-resolved detection of the emitted PL. In this way, the decay
of the excited-state population after the excitation pulse can be directly observed.

The simulation is performed by starting from the thermal state and applying a short
excitation pulse (10 ns for the result shown in Figure 12), followed by plotting the emission
rate as a function of time after the pulse.

This experiment does not involve optical initialization; therefore, there is no "dark time",
which in the previous section was defined as the time interval between the initialization

pulse and the probe pulse. Consequently, the emission rate is written as

R(t) = k[Ps(t) + Pan(t) + Py(t)],

where t denotes the time starting after the excitation pulse.The results are shown
in Figure 12 and summarized in Table 5. From the amplitudes A; obtained in the bi-
exponential fit, it is possible to infer that the NV center was initially in the thermal state.
In particular, the amplitude associated with the mg; = 0 component is approximately half
of that associated with the m, = £1 component. This ratio between both amplitudes
is consistent with the population distribution expected for the thermal state described
in Equation 3.9. This result can be obtained by calculating the dynamics directly from
Equation 3.2 for the thermal state, and later we will observe the approximately the same
ratio when we discuss the fit for Figure 12(a)(Table 11).

Together with the dark-time experiment discussed previously, this measurement allows
the extraction of most eigenvalues of M;, which governs the electronic dynamics of the
NV center in the dark.

Combined, these two experiments yield the of M;, and from these eigenvalues, the
transition rates can be estimated, establishing a clear recipe for the characterization of a
given sample.

The transition rate ksg requires a different approach and will be neglected in the final

model. As observed in Table 1, this rate corresponds to a much faster decay compared to
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the other characteristic times in the electronic dynamics. Therefore, it will be treated as

effectively instantaneous, reducing the singlet manifold to a single effective level.

3.4 Ionization process

The next step on the develop of our model is to include the ionization process on
our considerations. This addition was inspired by the PL profile of one bulk NV sample
available in our laboratory. The main reference suggesting that a sharp rise in the PL
could be due to the ioniztion of the NV( NV~ — NV?) is (Giri et al., 2018). The natural
approach is to add 1 extra level corresponding to the NV, P, to our so-far 8-level model.

The ionization process is assumed to be spin-independent (the same is assumed for the
natural recharge process), meaning that the reported characteristic time is related to the
transition rates by 1/7, = (kz1 + krom + kr2p) = 3kion with T, ~ 100us being the recharge
time for NV° — NV ~.

This relation between the recharge time and the recharge rates differs from that of the
reference paper, in which the authors employ a simplified four-level model that includes a
metastable level representing collectively the excited NV~ states, the singlet state, and
the NVY charge state.

In contrast, we adopt a more explicit modeling strategy, introducing specific transition
rates for Ppg — P; and P; — Pgg, where Prg and Pgg denote the total excited-state and
ground-state populations, respectively.

These transitions are represented in Figure 6. Pgpg — P; is indicated by the dotted
green arrow connecting *F — 2E and P; — Pgg is denoted by the dotted black arrow
connecting 2E — 3A,. It is worth mentioning that neither the NV? internal dynamics nor
the back-conversion (NV? — NV~ via photon absorption) are considered at this point.

The new matrices are:

B —(a+2ks) ks ks k 0 0 0 k61 kion T
ks —(a-i—k‘s) 0 0 k 0 0 k‘62/2 Kion
ks 0 —(a+k25) 0 0 k42 0 k62/2 kion
a 0 0 —(k+k3s+aion) 0 0 0 0 0
My = 0 a 0 0 —(k+kas+aion) 0 0 0 0
0 0 a 0 0 —(k+kas+aion) O 0 0
0 0 0 k35 kas kas —ksg 0 0
0 0 0 0 0 0 kse *(k‘61 +k62) 0
- 0 0 0 Ajon Ajon Ajon 0 0 _3kion -
(3'13)

and, for the laser-off configuration,
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r—2ks ks ks 0 0 0 0 k61 kion ]
ks —ks O 0 0 0 0 ke2/2 Eion
ks 0 —ks O 0 0 0 ke2/2 Kion
0 0 0 —(kss) O 0 0 0 0

Mi=1] 0o 0o 0o 0 —(kis) 0 0 0 0 (3.14)

0 0 0 0 0  —(kaz+kss) O 0 0
0 0 0 kss kas kas —ks6 0 0
0 0 0 0 0 0 kse —(ke1+ke2) O

L o o0 o 0 0 0 0 0 —3kion -

and the population vector is now defined as
5 _ 5 _ (111
P—(P17P2m7P2p7P37P4m7P4p7P57P67P7)7 and PO_ (§7§7§707070707070) (315>

with a;,, being the ionization rate at which electrons in the excited state are promoted
to the conduction band, converting the NV center into the NV° charge state and k;,,, the
recharge rate that follows 1/7,. = 3k;op,.

We performed a simulation of a dark-time experiment similar to the one described in

section 3.2. The pulse sequence is shown in Figure 13(a).

0

'c

=}

o

)

e . =

Laser Initialization Dark time, t Probs . T

(532 nm) [ ~——————f Rese

Ts 0 5 10 0 5 10 0 5 10
Counter Dark time, 1 (ms) Dark time, t (ms) Dark time, t (ms)

(a) Pulse sequence for the dark-time ex- (b) PL as a function of dark time for differ-

periment. After a 500 pus initializa- ent laser powers, reproduced from (Giri
tion pulse, an additional dark interval et al., 2018).
Ts = 1 ps is introduced to enhance po-
larization into the m, = 0 state. The
dark time 7 does not include 7,. A 1 us
probe pulse is then applied, with a de-
tection window (red) of 1 us.

Figure 13 — Dark-time experiment performed on a high-density NV ensemble, adapted
from (Giri et al., 2018).
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Figure 14 — Simulation of the dark-time experiment showing how the PL curve depends
on laser power. The parameter varied is a,,,. Black curves correspond to
the simulated PL, and yellow curves represent the multi-exponential fit.

The simulation qualitatively reproduces the behavior observed in Figure 13(b). Since
a bulk NV ensemble is considered (in contrast with the previous models), the value of T}
was replaced to better represent ensemble dynamics. The value adopted was T} = 2.5 ms,
based on the relaxation profile observed in the experimental PL curves reported in (Giri
et al., 2018).

In this case, the matrix M; has one additional dimension compared to the previous
model, leading to one extra eigenvalue. The eigenvalues remain the same as those listed in
Table 3, with the addition of —3k;,,.

Table 6 — Eigenvalues of the M; matrix defined in Equation 3.14.

Eigenvalue = Multiplicity
0 1
—(k + kss)
—(k + ku5)
—k,
—3ks
—ks6
— (k61 + ke2)
_3ki0n

(Calculated with SymPy)

== = = =N

Table 7 — Fit parameters and corresponding characteristic times (7; = 1/|\;|) for the PL
curve in Figure 14(c).

Mode A, A\; (numerical, ns™') 7, ns  \; (analytical)
1 0.0990072 —4x1077 2.5x107° —3ks
2 —0.0898554 —1x107° 100000 —3Kkion
3 —0.0750424  —0.00549737 1819 — (ko1 + ko)
4 —0.008048 00749642 1333 —(k + ks3)

C =1.73981
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The PL curve can still be fitted by a multi-exponential model, and the most dominant
components are summarized in Table 7. Once again, it was possible to recover the
eigenvalues of M; from this fit, and consequently some of the transition rates associated
with these eigenvalues.

In the reference paper, the authors obtained different PL curves by varying the laser
power. The rates a and a;,, correspond to excitation and ionization processes, respectively,
and are therefore expected to depend on the laser power. The discussion about these
parameters are on section 6.1.

It is worth mentioning that the behavior observed for the PL curve in Figure 13 (b)
occurs when the laser power is increased. In the simulation result, we obtain the opposite.
That is because a fixed k;,, was used in the simulation for simplicity reasons. In (Aslam
et al., 2013) it is discussed that the rates represented in this work by a;., and k;,, might
depend quadratically on the laser power. The recombination rate k;,, in itself was not of

interest for our simulation, our main goal was to re-obtain it from the PL curve fit.

Table 8 — Additional transition rates for the ionization simulation

Rate Values (ns™!)
a 0.07976
k., 14x 1077
kion 3.4 X 10_6

Values for a;o, can be
found in Figure 14.
Other rates are the
same as in Table 1
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4 Experiments and Data

The discussion in the previous chapter shows that, by fitting multi-exponential func-
tions to both a dark-time experiment (section 3.2) and a PL lifetime decay experiment
(section 3.3), it is possible to obtain most of the eigenvalues of the matrix M;, which
describes the internal transitions of the NV center independently of laser excitation.

The exponents of the multi-exponential profile that governs the NV photoluminescence
curve are related to characteristic times associated with different mechanisms within the
NV electronic structure. These exponents correspond to the eigenvalues of M;, and the
relation between a characteristic time and its respective eigenvalue is given by 7, = 1/\;.

From these eigenvalues, it is possible to infer the transition rates associated with each
process and construct the matrices describing the electronic dynamics. After reproducing
the results discussed in the previous chapter, the next step is to perform the corresponding
experiments and characterize a sample from our laboratory, validating the extracted rates
through simulations of the same experimental procedures.

This procedure can be applied to any sample. First, the relevant physical processes
must be identified and the experiments required to determine the corresponding transition
rates are then performed. Once these rates are obtained, they can be used to build a model
describing the NV dynamics, which can subsequently be used to simulate the experiments

and, ideally, reproduce the experimental data.

4.1 Setup

The experiments were performed using a PicoQuant MicroTime 200 confocal microscope
platform at QuantumTec, the quantum technology laboratory of the Centro Brasileiro de
Pesquisas Fisicas (CBPF). The investigated sample is a DNV-B14 diamond from Element
Six, a single-crystal diamond grown by chemical vapor deposition (CVD) containing a
controlled density of NV centers. This material is designed for experiments employing
NV ensembles and typically presents an NV concentration of approximately 4.5 ppm. The
characteristic spin coherence times reported for this material are of the order of 75 ~ 0.5 us
and Ty ~ 10 pus, making it suitable for ensemble-based sensing experiments. (Element Six,
2021)

Optical excitation is provided by diode lasers with wavelength A = 509 nm controlled
by a Sepia PDL 828 multichannel picosecond diode laser driver. This unit allows precise
control of the laser triggering and timing parameters used in the experiments. It also
allows the selection of CW or pulsed modes. The emitted photoluminescence is collected

through the confocal microscope and directed to single-photon detectors.
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Photon detection is performed using single-photon avalanche photodiodes (SPADs)
from the PDM series (7-SPAD) as well as photomultiplier tubes (PMTs), depending on
the measurement configuration. Time-resolved measurements are carried out using the
time-correlated single photon counting (TCSPC) technique. The TCSPC acquisition
is implemented with a HydraHarp 400 multichannel picosecond event timer electronic
module, which records photon arrival times with picosecond resolution.

The experimental sequence, including laser control, synchronization and data ac-
quisition, is automated using custom Python scripts that interface with the hardware

components of the setup.

4.2 Experimental Procedures and Data

The easiest and more direct experiment is the PL lifetime measurement. A short green
(509 nm) laser pulse of 25 ns duration is applied to the NV in thermal state and we measure
how the photon counts behave as a function of time which can be seen in Figure 15 on the
next section. This simple experiment allow us to estimate k, k35 and ky5 as discussed in
section 3.3. The bi-exponential fit is in Figure 24 and the parameters obtained from the
fit are in Table 11.

104,

10

0 20 40 60 80 100
Time (ns)

Figure 15 — Bi-exponential decay of the photon count over time.

The remaining eigenvalues can be extracted from the dark-time experiment discussed
in section 3.2 and section 3.4. Initially, it was performed an experiment similar to the
one described in Figure 10 (c), expecting a rise in the PL signal due to the preferential
relaxation from the metastable state into the m, = 0 ground state. Additionally, if the laser
effectively ionized the sample, a sharper increase associated with electron recombination

could also be observed.
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However, the measured PL curve presents a different and unexpected behavior. The
increase in PL abruptly stops around 250 ns, followed by a smooth decrease until approx-
imately 5 us (Figure 17). After this point, the PL increases again, most likely due to
the recombination of ionized NV centers, and is then followed by an exponential decay
attributed to spin relaxation.

After some consideration, the possibility that the laser could be creating NV~ centers
was taken into account. This led to a small modification in the final experimental protocol
(Figure 16). A 500 ps laser pulse is applied after an initialization pulse (also 500 pus), with
a dark interval of duration 7 between them. The photon counts are now integrated within
two detection windows of 1 us each.

The total photon count within the first detection window will be referred to as P L;p;tia-
From the initialization pulse until the end of this initial window, the experiment is identical
to the one described in Figure 10. The PL integrated over the final window will be referred
to as PL finq and should provide information about how the steady state changes with
the dark time.

500us 500us
’ T lpus Lus
(Dark time) «— i
Initial integration Final integration
ﬂ@ﬁ@ﬂ@ﬂﬂ@@@ﬂ@m window Windiw

Figure 16 — Experiment performed to collect the PL in an initial detection window
(PLjnitiar) and the PL integrated over the final detection window (PL finar).
These detection windows (red) correspond to the first and last 1us of the
509 nm laser pulse (Green), respectively.

If NV saturation is achieved, PL ;,q should remain constant, since the saturation PL
is not expected to depend on the dark-time interval. However it was observed that the

saturation PL decreases after around 1 us of dark time (Figure 18).
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Figure 17 — PL;,;tia- Result from our PL versus Dark-Time experiment. This curve is

obtained by the integration over the initial detection window plotted versus
the dark time between the two pulses.
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Figure 18 — PLy;,,. PL integrated over the final detection window (1ps) versus the
dark time (7) between the two pulses.

The curve in Figure 18 shows that PL;,, which should be the photoluminescence of
saturation (PLgy), reaches a maximum. If the NV sample experiences a long period in
the dark (over 1 us) the PL,, drops, indicating that the number of negatively charged
NV decreases in the dark (and increases with laser excitation), reaching almost half of the
PL for short duration dark times.

The PLg, is maximum if the sample reaches a maximum of negatively charged NV
NV, The fact that the number of NV~ almost doubles is reported for shallow NV
crystals in (Gorrini et al., 2021).

The experiment was repeated for different laser power settings, and the same PL profile
previously shown in Figure 17 was observed. The laser power is obtained by a power

meter inside the equipment, and it can be read, in arbitrary units, in the software before
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the experiment begins. The photon count is measured by the detector, and was taken
immediately before the experiment begins, in order to compare between different laser

power settings.
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Figure 19 — PL;,;. for different laser power settings. In the inset legend, the first value
corresponds to the photon detection rate, while the second indicates the
laser power in arbitrary units. The PL is normalized such that its maximum
value is equal to 1.

For all three cases considered, the normalized PL curves nearly overlap, indicating that
the temporal profile of the photoluminescence, when expressed relative to its maximum
value, is largely independent of the laser power within the explored range.

In particular, the maximum PL occurs at a dark time of 250 ns. This local maximum,
also visible in Figure 17, suggests the existence of an optimal dark time for protocols that
aim to maximize the photoluminescence signal from the sample.

The figure below is the non-normalized PL. The emitted photoluminescence is greatly

increased with laser power, as expected.
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Figure 20 — Non-normalized PL;,;;, for different laser power settings. In the inset
legend, the first value corresponds to the photon detection rate, while the
second indicates the laser power in arbitrary units.

These experimental results show indications of charge conversion. The sudden decrease
in the PL is an indicative of back-conversion by light absorption during laser pumping,
and the rise in the PL around 3us is also an indicative that the NV was ionized while

exposed to light. This is discussed in the next chapter.
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5 Final Model

5.1 Initial Considerations

The experimental data indicate that the DNV-B14 sample exhibits pronounced charge
conversion dynamics even under low-power green laser excitation. The measurements reveal
clear signatures of both ionization (NV~ — NV?) and back-conversion (NV® — NV ™),
which makes it necessary to explicitly include both processes in the modeling.

In the following model, ionization and back-conversion are treated as independent
processes. This choice is motivated by several considerations. First, enforcing a strictly
coupled description between NV~ and NV° populations would require a detailed inclusion
of the internal dynamics of the NV center, as well as additional sample-dependent
parameters such as NV density. This would significantly increase the complexity of the
model and the experimental procedures to support such level of detail.

Second, ionization and back-conversion are governed by distinct physical mechanisms
and are often treated separately in the literature. Previous studies report regimes in
which one process dominates over the other depending on the experimental conditions
and sample properties. For instance, ionization is the dominant mechanism in (Giri et al.,
2018), where it is associated with high nitrogen and NV center densities, which favor
charge transfer processes. On the other hand, back-conversion plays the leading role in
(Gorrini et al., 2021), where the sample geometry are taken in consideration.

Additionally, as will be shown later, the experimental data can only be fitted by an
expression that explicitly separate these contributions. In the Stretched Exponential Model
(section 5.2), the back-conversion process is described by a stretched exponential term
that modulates the solution of the rate equations, related to the back-conversion and the
rate-equation dynamics requires three exponential contributions to reproduce the observed
dynamics; one associated with decay through the metastable state, one with longitudinal
spin relaxation, and the last additional contribution associated with ionization.

As discussed in section 3.4, the effect of ionization on the PL can be accurately
reproduced by incorporating it as an additional population channel within a rate-equation-
only model.

The separation between ionization and back-conversion allows for a more direct physical
interpretation of the fitted parameters enabling their consistent use in simulations to
reproduce the experimental results. As such, the fitted parameters can be interpreted
as an effective characterization of the sample under the specific experimental conditions,
while also facilitating direct comparison with values reported in the literature.

It is important to emphasize that our model takes in consideration that the variations

in the NV~ population are assumed not to introduce additional interactions, such as
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NV-NV coupling, nor to modify the intrinsic transition rates during the charge dynamics.
This suggests that the transition rates obtained from the model should be interpreted as
effective parameters that describe the net dynamical behavior of the system, rather than
as fundamental microscopic constants.

Finally, the metastable manifold was reduced to a single effective level. Since the
detailed dynamics within the metastable states are not the primary focus of this work, the
transition rate between levels |5) and |6) is assumed to be sufficiently fast to justify its
elimination. This reduction to a one-dimensional effective subspace significantly simplifies

the calculation of the eigenvalues of the dark-dynamics matrix M;.

5.2 Stretched Exponential Model

5.2.1 The Stretching Exponential Factor

Following the results from (Gorrini et al., 2021), summarized in Figure 3 of their paper
(Figure 21 in this document), the number of NV centers decreases as a function of two
main parameters of the pumping laser: the laser power and the pulse duration. Similarly,
after laser excitation, the population of NV increases in the dark, with a characteristic
time that also depends on these parameters.

Their experimental data were fitted using a stretched exponential function of the form:

I(t) = I, (1 + Ce’(%)m> (5.1)

This expression describes the temporal evolution of the photoluminescence (PL). The
+ sign corresponds to the decrease of the NV emission under laser excitation, while the —
sign represents the dark regime, where the NV population increases. The stretching factor
"m" is a number between 0 and 1. The rate of back-conversion is called ay. = 1/Tnyo_ny-,
related to the decrease of NV under laser excitation. The rate of relaxation of this process
in the dark, which is of greater interest in this work, is ky. = 1/Tny- s nyo.

The experiments were performed by them under a strong magnetic field (750 G). In
this regime, spin states are mixed, which suppresses the optical spin polarization into the
ms = 0 state for the NV~ charge state. As a result, the observed PL variations can be
predominantly attributed to charge dynamics.

In Figure 21 (a) is shown how the NV fluorescence behaves for different illumination
times. The longer the pulse, less NV° is detected, implying that the laser is directly
responsible for the NV? — NV ~conversion. In Figure 21 (b) a similar experiment to
Figure 10 (c) is performed by (Gorrini et al., 2021). It is possible to observe from their
results that, after the sample experiences a dark time, the NV° fluorescence rises. Both
results indicate that NV is converted to NV~ due to the laser presence, and then NV~

is converted back to the neutral state after a dark time. This is confirmed by Figure 21 (c),
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where the population of both charge states is monitored during the dark time experiment,
and the result shows that while NV° population increases, the population of NV~ increases,
and the sum of populations is constant (yellow triangles).

In the same work, it is shown that the population dynamics of the charge states can
also be described by a stretched exponential. The back-conversion process (NVY — NV ™)
and the relaxation in the dark (NV~ — NV?) arise from different physical mechanisms;

therefore, their characteristic times and rates are, in general, different (ap. # kp.).
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(c) Figure 5 (b) from (Gorrini et al., 2021).

Figure 21 — Variation of NVY and NV~ populations and the corresponding PL dynamics
due to charge conversion, fitted using a stretched exponential model.

The experiment performed in this work (chapter 4) was conducted in a low-power
regime. The diode current was set to 50% (with NV excitation ceasing around 46%),
corresponding to approximately 20 a.u. of power. Although this value is typically converted
into optical power in W, a calibration table for the 509 nm laser is not currently available.

By comparison with the calibration for a 532 nm laser, the optical power is estimated

to be on the order of 100 pIV, which is consistent with the green-circle data in Figure 21(a).



Chapter 5. Final Model 47

The pulse duration used was 500 ps, corresponding to a regime between the yellow (square
dots) and orange (circle dots) curves in Figure 21(b).

These experimental conditions allow for an approximation that significantly simplifies
the simulation: the characteristic times for back-conversion and relaxation are taken to be
equal. Since the laser-on dynamics are beyond the scope of this work, this assumption
reduces the number of free parameters in the stretched exponential model, eliminating
the need to independently fit both the characteristic time and the stretching exponent for
each process.

The following model takes in consideration that the PL expression in time is fitted
by an expression similar to the Rate-Equation (sum of exponentials) modulated by the

expression Equation 5.1
I(r) = I (1 + Cem®ee") (37 A; M) (5.2)
i=1
with 0 < n < 1. The derivarition of this expression is found in Appendix B.

5.2.2 The Model
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Figure 22 — Eight-level model for the spin and charge dynamics of the NV. Blue and
pink levels represent the mg = 0 spin states and mg = +1, respectively. The
black level (Ps) comprises the metastable manifold as a single effective level,
and the orange level Py denotes the ionization channel of NV~ where the
ionization rates are ksg and kys. The rates kg; and kg correspond to the
recombination process.

The energy-level structure and the transitions between them are represented in Figure 22.
This model is similar to the one introduced in section 3.4, incorporating the ionization

process through additional transition rates. The transition rates are assumed to be spin-
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independent and are therefore defined as k3g = k46 = @;0n, corresponding to the ionization
rate, and kg1 = kgo = kjon, corresponding to the recombination rate.

The population Fs represents the fraction of NV~ centers that are ionized via a
two-photon absorption process (Figure 7) and subsequently recombine, returning to the
NV~ charge state.

The populations P, and Ps, correspond to the two degenerate ground-state levels with
spin projections my; = —1 and mg = +1, respectively. All transitions associated with these
populations are identical for both spin projections , i.e. ky5 is valid for the two transitions:
Py, — P5s and P, — P5 . The same symmetry applies to the excited-state populations
Py, and Py,. This explicit separation may become relevant in future extensions of the
model, particularly if interactions with an external magnetic field are introduced.

The contribution of the back-conversion process to the PL curve is captured by the
stretched-exponential factor introduced in Equation 5.2. While the internal dynamics
described in Figure 22 remain governed by the matrices My and M, the total number
of negatively charged NV centers evolves throughout each stage of the experiment (Ap-
pendix B), depending on the presence or absence of optical excitation. As a consequence,
the measured PL signal can be interpreted as the product of the intrinsic population dy-
namics expressed in the rate-equation model and a time-dependent modulation associated
with the charge-state conversion.

Therefore, fitting the experimental data to Equation 5.2 allows us to extract not only
the dominant eigenvalues of the system, but also the back-conversion relaxation rate k.,
which governs the recombination dynamics and determines how the NV~ population

decreases after a given time in the dark.

5.2.3 Matrices and Eigenvalues

The matrices that describe the evolution of the populations are bellow. M is responsible

for the laser-on configuration :

—(a+2ks) ks ks k 0 0 ks1 Kion
ks —(a+ks) 0 0 k 0 ksa/2 Kion
ks 0 — (a+ks) 0 0 k ks2 /2 Kion

Mo — a 0 0 —(k+k3s+aion) 0 0 0 0
0 0 a 0 0 —(k+kas+aion) 0 0 0
0 0 a 0 0 7(k+k‘45+aion) 0 0
0 0 0 k3s ks k45 —(ks1+ks2) O
0 0 0 Qjon Qjon Qjon 0 —3kion

(5.3)

And, for the laser-off configuration,
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—ka k:s k?s k 0 0 k?51 kion
ks —ks O 0 k 0 k‘52/2 Kion
ks 0 —ks 0 0 k ks2/2 Eion
0 0 0 —(k+kss 0 0 0 0

My = 0 0 0 ( 0 : —(k+kas) 0 0 0 (5.4)

0 0 0 0 0 —(k+kas) 0 0
0 0 o0 k3s k45 k45 —(ks1+ks2) O
0 0 0 0 0 0 0 —3kion

One important detail is that spin-flip transitions are not considered. These transitions
are at most 2% of the spin conserving counterparts as reported by (Robledo et al., 2011)
and their rates are taken as zero. For instance, the transitions P, — Py, or P3 — P, are
not possible in our model.

with eigenvalues listed bellow:

Table 9 — Eigenvalues of the M; matrix defined in Equation 5.4.

Eigenvalue  Multiplicity
0 1
—(k + k3s)
—(k + kag5)
—k,
—3k,
—(ks1 + ks2)
_3kion

(Calculated with SymPy)

— o= = =N =

The eigenvalue associated with the increase in the PL signal around 4 ps is —3k;,,, which
is directly related to the recombination dynamics following ionization. Since ionization
converts NV~ into NVY the subsequent relaxation through tunneling transitions (as
represented in Figure 6) leads to a recovery of the NV~ population after a dark time.

The variation in the NV~ population due to back-conversion and its associated
relaxation is described by two functions. The function N,,(t) accounts for the laser-driven

conversion of NV into NV~ during an excitation pulse of duration ¢:

Non<Nin7 t) - Nmax - (Nmax - Nz )6_(ab6t)m . (55)

This function maps the initial number of negatively charged NV centers, N;,, to a
maximum saturation value N,,,, as t — oo, with a characteristic conversion rate ay..
In the absence of laser excitation, the system relaxes in the opposite direction, partially

recovering the NV population. Starting from an initial NV~ population N/

m)

the system
evolves toward an equilibrium value N,,;, after a dark time 7, governed by a relaxation

rate ky.. The corresponding function is given by:

Noff(Nz‘/m 7_) = Nmm + (Nz/n - Nmm) 6_(kbCT)n . (56)
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5.3 Model Fitting and Parameter Extraction

Now we are able to fit our experimental data and associate the extracted parameters

to every significant quantity for our PL. The expression used for the fit is given by:

PLSE(T) — qu (1 _|_Abce*(kbc‘r)n) (1 —|—A1 e)q‘r —|—A2 6)\27' +A3 e)\sT) (57>
2.6
/\-2-4
>
822
-
o
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Figure 23 — Stretched exponential model fit for PL;,;; found in Figure 17. It fits the
expression in Equation 5.7.

Table 10 — Stretched exponential fit parameters and corresponding characteristic times
(1 = 1/|\|) for the PL curve in Figure 23.

Mode A; A\; (numerical, ns™!) 7; (ns) A; (analytical)
1 —0.082 —102x10° 249 — (ko1 + ks2)
2 0.032 —7.33x 107" 1.365 x 10° — 3k
3 —0.112 —4.29 x 107° 2.33 x 10% —3Kion
Ay = 0.698 kpe =1.32x10%ns™! T, =1/ky. =759 x 10°ns n = 0.5713
L, = 1.7471

The values reported in Table 10 exhibit discrepancies when compared to those found
in the literature, particularly for the longitudinal relaxation time T} = 1/3ks, which is
typically on the order of milliseconds for ensemble samples (Doherty et al., 2013). In
addition, the characteristic time associated with relaxation from ionization has been
reported to be ~ 100 us in (Giri et al., 2018), while (Gorrini et al., 2021) indicates that
recombination from back-conversion occurs on timescales exceeding 10 ms.

In contrast, only the timescale associated with decay through the metastable channel,
~ 200 ns, is consistent with values reported in the literature. These discrepancies indicate
that the extracted parameters should be interpreted as effective rates. As discussed in
chapter 6, using these parameters as inputs to the model allows us to reproduce the PL

curve shown in Figure 23.
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Since the extracted time scales deviate from the expected values for 3k, and 3k;.,, each
exponential contribution was identified based on the sign of its amplitude. Recharge from
the ionization process leads to an increase in the PL signal; therefore, the corresponding
exponential term must have a negative amplitude. On the other hand, longitudinal spin
relaxation results in a decrease of the PL signal, implying a positive amplitude for the

associated exponential contribution.

5.3.1 Emission Decay Experiment Fit

» Experimental data
—— Bi-exponential fit

104,
>
L
1103
o

102,

0 20 40 60 80 100
Time (ns)

Figure 24 — Bi-exponential fit for the emission decay curve of DNV-B14.

Table 11 — Fit parameters and corresponding characteristic times (7; = 1/|)\;]) for the
emission decay experiment.

Spin state A; 7 (ns) A (ns7h) \;
ms =20 635.2157 15.6 6.4 x 1072 —(k + k35)
me=+1 1353.1834 74  1.36x 107" —(k + kus)

C =285

The two remaining eigenvalues needed to complete our model can be found above

through a bi-exponential fit of the emission decay curve,

R(t) = k[P3(t) + Pam(t) + Pap(t)],

as discussed in section 3.3.
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6 Simulation Results

Utilizing the matrices defined in Equation 5.3 and Equation 5.4, the internal dynamics
of the NV center can be described through the differential equation
P

> —_MP 6.1
o : (6.1)

while the evolution of the negatively charged population NV~ is independently tracked
by the functions introduced in Equation 5.5 and Equation 5.6.

The emission rate at a given time ¢ can be expressed as

R(t) = k N7 (t) [P3(t) + Pun(t) + Pyp(t)], (6.2)

where N~ (t) denotes the population of NV centers in the negative charge state, and
P;(t) represents the population of the i-th energy level at time t.

The photoluminescence for our stretched-exponential model is obtained by integrating
the emission rate over the detection window of duration Tpy . The integrated photolumi-

nescence as a function of the dark time 7 is given by

PLgp(r) = /0 Y Rt . (6.3)

This formulation follows the same procedure adopted in chapter 5 to simulate the
photoluminescence, now incorporating the specific matrices and definitions of the stretched-
exponential model. Now it becomes possible to reproduce the P L;,;;. behavior observed

experimentally, as shown in Figure 25.
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Figure 25 — Simulation of PL;,;;q. using the stretched exponential model. The photolu-
minescence is normalized such that its maximum value is equal to 1.
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To perform this simulation, it is necessary to estimate the transition rates from the
eigenvalues. While the experiments provide access to the eigenvalues of the matrix M,
they do not directly yield the individual transition rates associated with them.

In addition, the model requires a set of free parameters, particularly those related to
laser-driven processes, such as a and a;,,. The considerations that guided the selection of
these parameters are discussed in the following sections.

The transition rates, stretching factors and free parameters utilized in the simulation

from Figure 25 are in Table 12.

Table 12 — Transition rates, stretching factor and free parameters used in Figure 25.

Transition Rates (ns') Free Parameters
Rate Value Parameter Value
k 0.0493 a 0.00685 ns~!
k. 2.44 x 10~ N 1.78
kpe 1.32 x 1076 m 0.57
Kion 1.43 x 1077 e 1.32 x 1076 ps~!
kss 0.0147 Gion 1.87 x 1074 ns~!
ks 0.0863
ks 1.34 x 1073
Kso 2.68 x 1073

(6.4)

Stretching exponential

6.1 Free Parameters

6.1.0.1 The parameter a

As mentioned previously, the simulation presented in Figure 25 requires the introduction
of a set of free parameters. The first of these is the parameter a, which is associated with
the laser excitation power and governs the transitions from the A, ground state to the
3E excited-state manifold.

This parameter is known to be proportional to k, the radiative decay rate for spin-
conserving transitions between *E and A, (Tetienne; Rondin, et al., 2012). In this work,
however, a is treated as an independent rate, rather than being expressed as ok, where
o represents the proportionality factor related to the laser excitation power. This choice
ensures consistency in notation, as a, ajon, and ap. are all associated with laser-driven
processes.

The parameter a has been considered since the first model provided by (Song et al.,

2020) and is expected to scale with the laser power. However, a variation in laser power also
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affect other parameters, such as a;,, and ay,., which makes it necessary to adopt a dedicated
procedure to determine a value of a that adequately represents the experimental conditions
of our setup. In the present simulations, variations in a primarily influence the initial

photoluminescence level, corresponding to the first data point (dark time 7 = 12.5ns).

6.1.0.2 The parameter a;,,

The parameter a;,,, introduced in section 3.4, accounts for the ionization process under
laser excitation. Both the ionization rate a;,, and the recombination rate k;,, are known
to exhibit a quadratic dependence on the excitation power (Aslam et al., 2013). This
dependence suggests that a;,, can be expressed in the form aio,, = Gionkion, Where oo,
captures the effect of the optical excitation. In addition, it has been reported that both
ionization and recombination rates depend on the wavelength of the excitation laser (Aslam
et al., 2013; Chen et al., 2013). For the purpose of sample characterization, a detailed
treatment of a;,, is beyond the scope of this work.

In the simulations, variations in a;,, primarily affect the shape of the photoluminescence
curve, particularly the amplitude of the peak located around 4 x 10° ns and its relative
contrast with respect to the shorter-time features of the signal, like the local peak around
250 ns.

6.1.0.3 The parameter N,,,.

The parameter N,,,, naturally arises from the formulation introduced in Equation 5.5
and represents the saturation limit for the population of negatively charged NV centers.
Physically, it corresponds to the maximum gain of NV~ that can be generated under
continuous laser excitation, beyond which no further conversion from NV occurs.

The modeling of this process is that NV~ is converted from NV° via two-photon
absorption which inherently limits the achievable NV~ population. Moreover, the system
is governed by the interplay between ionization and back-conversion mechanisms, which,
after sufficient illumination time, lead to a steady-state condition where the populations
of NV~ and NV? remain constant.

The back-conversion is dependent on the density of NV in the sample. In (Gorrini
et al., 2021) they use shallow NV samples specially because the surface effects tends to
favor the occurrence of NV over its photoactive negative charged counterpart. For the
sample used in this work, the NV? density is neither specified in the datasheet (Element
Six, 2021) nor independently characterized in our laboratory. Thus, the relation between
these characteristics of our sample and the parameter N,,,, could be studied in future
work.

This parameter is important for the charge dynamics associated to back-conversion

with laser-on configuration. Variations in this parameter primarily affect the difference
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between the initial PL signal (dark time 7 = 12.5ns) and the long-time behavior (dark
time 7 > 10 ms).

The simulation presented in Figure 25 utilizes N, = 1.78 and the minimum is taken
to be equal to 1. This means the sample is able to have a gain of 78% of NV~ caused by
the conversion NV° — NV ~. This high gain in NV~ is also observed in Figure 21.

6.1.0.4 The parameters a,. and m

The parameters a,. and m are associated with the modeling of the back-conversion
process under laser excitation. In particular, m is the stretching factor of the exponential
function and controls how sharply the transition from unity to zero occurs. Although this
parameter is not extensively discussed in the main reference (Gorrini et al., 2021), it plays
a relevant role in shaping the temporal response of the charge dynamics.

As observed by (Gorrini et al., 2021) in their fit for Figure 21, the value of m tends
to approach unity for lower excitation powers. However, the experimentally observed
population dynamics suggest a sharper transition, consistent with values closer to m ~ 0.5.
In the present work, m is set equal to the fitted parameter n for simplicity. A more rigorous
treatment of m, together with a;., would require a detailed analysis of the dynamics under
continuous laser excitation, which is beyond the scope of this study.

The rate a;. sets the characteristic timescale for the back-conversion process. Higher

values of a;. lead to a faster approach to the saturation population N,,,;.
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Figure 26 — Simulated PLy;,, obtained with the stretched exponential model. The
photoluminescence is normalized to its maximum value.

Although the model reproduces the photoluminescence behavior in the dark, as observed
in Figure 25, it fails to accurately describe the dynamics under laser excitation for the
parameters listed in Table 12. This discrepancy becomes evident in the simulation of

PL¢inar, shown in Figure 26.
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This result indicates that the chosen parameters do not fully capture the behavior of
the sample during laser illumination. A more detailed inspection of the photon emission
during the probe pulse of 500 us reveals the complexity of the dynamics in the presence of

laser excitation.
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(a) Photon count after a dark time of 1 us.
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(b) Photon count after a dark time of 10 ms.

Figure 27 — Photon count recorded during the probe pulse for two different dark times.
In (a), the dark time is 1 ps, while in (b) it is 10 ms. The photon count is
scaled by a factor of 10%.

The integration of the photon counts in Figure 27(a) over the first 1 ps and the last
1 ps of the pulse yields the PL values associated with 7 = 1 us in Figure 17 and Figure 18,
respectively. The same procedure applies to Figure 27(b).

The two cases presented in Figure 27 exhibit different behaviors. For shorter dark
times, in (a), the contrast between the initial emission peak and the saturation level is
reduced, and the photon counts remain approximately constant around 4 x 10* after 1 us
of dark time. In contrast, for longer dark times, as in (b), the system requires nearly the
entire duration of the probe pulse (500 us) to approach saturation. This behavior may
not be evident without the use of a logarithmic time scale. In fact, 500 us is not sufficient
to fully saturate the system under these conditions.

The discrepancy between simulation and experiment in the presence of laser excitation

becomes even more evident when directly comparing the temporal emission profiles:
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Figure 28 — Comparison between experimental and simulated emission during a probe

pulse of 500 pus. Both signals are normalized by their maximum photon
count.

Comparing both profiles, the model reproduces the initial peak and the intermediate
smooth hump, albeit with different characteristic time scales. However, a significant
discrepancy arises for times longer than 10° ns, where the model predicts an increasing
trend in the photon emission, in contrast to the behavior observed experimentally.

Although the available evidence suggests that a. is a slow rate, an additional simulation

was performed assuming a faster value, yielding important results.
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Figure 29 — Simulation of PL;,;;. using the stretched exponential model with an in-
creased ap.. The photoluminescence is normalized such that its maximum

value is equal to 1. The corresponding parameters and transition rates are
listed in Table 13.

The simulation presented in Figure 29 produces a PL profile very similar to that of
Figure 25. This is expected, as the overall shape of this curve is predominantly governed

by the dark dynamics, which are well captured by the model.
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Figure 30 — Simulated PL ¢, obtained with the stretched exponential model using an
increased ap.. The photoluminescence is normalized to its maximum value.
The corresponding parameters and transition rates are listed in Table 13.

The simulations involving laser excitation show improved agreement when assuming
ape = 0.04. As shown in Figure 30, the decay profile of the simulated PL becomes more
consistent with the experimental data when compared to the results obtained with the

parameters in Table 12.
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Figure 31 — Comparison between experimental and simulated emission during a probe
pulse of 500 ps using an increased ap.. Both signals are normalized by their

maximum photon count. The corresponding parameters and transition rates
are listed in Table 13.

The simulation of the photon emission during laser excitation also shows a clear
improvement. In Figure 31, the artificial increase in emission around 10° ns is no longer
observed, and the intermediate hump is more accurately reproduced. However, the model
still fails to capture the behavior in the time range between 10> ns and 103 ns.

Despite these improvements, it has been consistently argued throughout this work that
ape should correspond to a slower process. These results therefore highlight the need for
a dedicated investigation of the charge dynamics under laser excitation in order to fully

understand the mechanisms and develop a more accurate model.
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Table 13 — Transition rates and free parameters used in Figure 25, Figure 30 and Fig-

ure 31.
Transition Rates (ns™ ') Free Parameters
Rate Value Parameter Value
k 0.0493 a 0.0079 ns~!
k. 2.44 x 1074 Nz 1.91
Kpe 1.32 x 1076 m 0.57
Kion 1.43 x 107 (e 0.04 ns*
ks 0.0147 Gion 1.5 x 107* ns~!
ks 0.0863
k’51 1.34 x 10_3
k52 2.68 X 10_3

Stretching exponential:

n = 0.57

6.2 Estimating Transition Rates

Some eigenvalues of the matrix M;, which governs the electronic dynamics in the
dark, are associated with more than one transition rate. Since experimental procedures
provide access only to these eigenvalues, determining the corresponding transition rates is
a important step in the construction of the model.

Although the photoluminescence is ultimately governed by the eigenvalues of M;, an
inappropriate choice of the transition rates can lead to unphysical population dynamics
and, consequently, to unrealistic PL curves, as will be illustrated in this section.

First, to estimate k , k35 and k45 from the eigenvalues summarized in Table 11 it was

employed the following system of equations:

6.4 x107% =k + kg
1.36 x 107" =k + ks (6.5)
0.17 = k35 /kus
The ratio kss/kys is taken from (Song et al., 2020) and (Tetienne; Rondin, et al., 2012).

This choice ensures that the relative contribution of non-radiative decay from the m, = 0
and mg = 1 spin sublevels is consistent with values reported in the literature.

In contrast, the same reasoning cannot be directly applied to the ratio ks;/ksq, as
different works report significantly different values. For instance, (Song et al., 2020) adopts
ks1/kse = 1.5, while (Manson; Harrison; Sellars, 2006) assumes ks, = 0. Simulations

considering both scenarios are shown in Figure 32:
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Figure 32 — Comparison between simulated photoluminescence curves obtained using
different assumptions for the ratio ks;/kse. Increasing ks; implies in a sharp
decrease in the PL signal around 4 us.

Among the tested configurations, the relation reported in (Tetienne; Rondin, et al.,
2012) provides the best agreement with the experimental data. In this approach, the decay
rates from the excited-state populations P3, Py,, and Py, to the metastable state P are
taken to be equal, leading to the condition k5, = ks2/2.

In the simulations, the ratio between k5; and kso directly affects the shape of the
photoluminescence curve, particularly the feature around 4 us. Increasing ks; results in a
sharper dip in this region. As discussed in (Robledo et al., 2011), both ks; and kss exhibit
a dependence on temperature, which suggests that the characteristics of this feature in the

experimental data may carry information about the ambient conditions of the sample.
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7 Conclusion

In this work, a modified rate-equation model was developed to describe the photo-
luminescence dynamics of a high-density NV ensemble, incorporating both electronic
dynamics and charge conversion processes. By combining dark-time and photoemission
lifetime experiments, it was possible to extract the eigenvalues of the matrix M; and
estimate effective transition rates that reproduce the experimental observations with good
agreement in the absence of laser excitation.

The extracted transition rates should be interpreted as effective parameters obtained
from fits to experimental data. When incorporated into the proposed model, these rates
reproduce the observed behavior under specific experimental conditions. However, in
some cases, their values differ significantly from those reported in the literature. This
indicates that the extracted rates do not correspond to isolated physical processes, but
rather represent effective quantities that include contributions from multiple mechanisms.

In addition to the intrinsic complication that arises when measurements are performed
on an ensemble of centers, where each center has different local conditions, the assumption
that variations in the NV~ population do not affect the internal dynamics of the system
is likely a major source of discrepancy between the extracted parameters and literature
values.

Despite the success of the model in reproducing the dark-time dynamics, significant
discrepancies arise in the presence of laser excitation. In particular, the model fails to fully
capture the temporal behavior of the photoluminescence during the probe pulse, as it can
be seen in Figure 26 and in Figure 28.

These observations point to several directions for future work. First, more conventional
experimental techniques should be employed for the purpose of independent character-
ization, such as NV lifetime measurements as performed in (Robledo et al., 2011), as
well as direct measurements of the longitudinal relaxation time 7T} using microwave-based
methods. These experiments would provide independent access to the transition rates,
allowing for a more direct comparison with the effective rates extracted from the present
model.

Second, the pronounced feature observed in the PL curve around 4 us may be related
to temperature-dependent processes, particularly those involving the metastable state and
charge dynamics. Investigating the temperature dependence of this feature could provide
further insight into the mechanisms governing the system and potentially enable the use
of this signal as a probe of local thermal conditions.

The incorporation of the internal dynamics of NV into the model could provide a
more comprehensive description of the system and generate more accurate simulations.

This extension would allow for explicit transitions between the ground and excited states
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of NV, as well as enable NV centers, generated through the ionization of NV~ to
convert back to NV through back-conversion via two-photon absorption.

Another important aspect concerns the maximum achievable NV~ population, an its
relation to the parameter N,,.,. A more detailed analysis of this quantity, and its relation
to the density of NV centers in the sample, would improve the understanding of the
charge conversion processes under laser excitation.

Additionally, spatial inhomogeneities in the sample were not considered in the present
model. The measured photoluminescence may depend on the specific region of the sample
being probed, especially due to surface effects that can favor the presence of NV as
reported by (Gorrini et al., 2021). Since back-conversion is expected to be more significant
near the surface, the spatial dependence of the PL curve could substantially improve our
model.

This work provides qualitative insights into the investigated sample, and highlights
the importance of extending the analysis to samples with different properties such as NV
and nitrogen densities, as well as varied fabrication methods. One of these experimental
observations is the existence of an optimal dark time for maximum photoluminescence,
occurring at approximately 250 ns as observed in Figure 19. This result is directly relevant
for optimizing experimental protocols involving the DNV-B14 sample.

The photonic emission observed during the probe pulse for different dark times (Fig-
ure 27) and the non-monotonic behavior of the PL curve that includes intermediate dips
and and peaks of the signal are clear signatures of charge conversion processes and that
the sample may be suitable for techniques based on charge readout, such as photoelectric
detection of magnetic resonance (PDMR) (Bourgeois; Gulka; Nesladek, 2020), where charge
conversion plays a central role. In summary, the approach developed in this work provides
a practical method for the simulation of NV ensembles electronic and charge dynamics
based on photoluminescence measurements. While the model successfully captures the
dark dynamics and identifies key physical processes, its limitations under laser excitation
highlight the need for a deeper investigation of charge dynamics and their interplay with
optical excitation. Addressing these challenges represents an important step toward the

development of predictive models and applications of NV-based quantum technologies.
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APPENDIX A - PL expression - rate-equation model

The derivation of the photoluminescence expression is presented for the experiment
discussed in section 3.2, considering the 8-level model, although the procedure can be
extended to any finite-dimensional system. We assume that the matrix M, corresponding
to the laser-pumping configuration, is at least numerically diagonalizable. For higher-
dimensional systems, an analytical diagonalization may become impractical. In particular,
My is more difficult to diagonalize than M, because it is less sparse.

On the other hand, diagonalizing M, is especially useful, since its eigenvalues are
directly related to the experimentally observed decay rates. As will be shown, the PL curve
can be written as a sum of exponential terms whose exponents are precisely the eigenvalues
of M;. Therefore, by fitting the experimental PL curve with a multi-exponential model,
the extracted decay constants can be directly associated with the eigenvalues of M;.

The experiment consists of initializing the NV center from the thermal state j2) using
a 532 nm laser pulse for 500 us, followed by a dark interval of duration 7 (laser off). After
this dark time, the laser is turned on again and the photoluminescence (PL) counts are
collected during a detection window of 300 ns at the beginning of the probe laser pulse
(Figure 10).

We define:

7 = dark time (evolution under M), t = probe duration (evolution under M,).
The initialization stage of ti,;; = 500us is described by
U = Mot By (A1)

where the initial thermal state is
1/3

1/3
1/3
- 0
0
0
0
0

After initialization, the laser is switched off and the system evolves according to the
dynamics described by M;.

Since M; is diagonalizable, we can write

M, =VDV (A.3)
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where D, is the diagonal matrix containing the eigenvalues \; of Mj, and the columns of

V' are the corresponding eigenvectors v; with:
Thus, after a dark time 7, the initialized state evolves as
(Z(T) =M = Ve Ty = Z N, (V_llf1> , (A.5)
i=1 !
where (V*1€I> ~denotes the i-th component of the vector VU,
We also appiy the spectral decomposition to M, (in our case, numerically diagonalized):

My =UDyU™, Mot — ety (A.6)

where Dy is the diagonal matrix of eigenvalues «; of My, and the columns of U are the

corresponding eigenvectors ;, satisfying
M()ﬂ:j = Oéjﬂ:j. (A7>

The population vector after ¢;,;; = 500us of initialization, a dark time 7, and a probe
duration t is

P(t, 1) = eMotei7 Mos00us B (Mot Mirfy — oMot g, (A.8)

Using the spectral decomposition for both matrices, the above equation can be written

explicitly as
(A.9)

P(t,r) =)'
j=1

Uy (V*@)
=1

In compact matrix form, which is more convenient for numerical implementation in

i -
J

Python, we use
P(t, 1) = UeP'U Ve v -1, (A.10)
The instantaneous emission rate is defined as
R(t, T) = kglpg(t, T) —+ /C42P4m(t, T) -+ ]{742P4p(t, T). (All)
Since k3 = k4o = k, this simplifies to
R(t,T) :k[Pg(t,T)—|—P4m(t,7'>+P4p(t,7')]. <A12>

Here, P5(t,7), Pyn(t,7), and Py,(t,7) are the components of P(t,7) corresponding to
levels 3, 4,,, and 4, respectively.
The photoluminescence signal is obtained by integrating the emission rate over the

detection window (in our case, it coincides with the probe duration) ¢t = 300 ns:
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PL(1) = /0300ns R(t,T)dt = /OSOOHS k[Ps(t,7) + Pan(t,7) + Pyp(t, 7)] dt. (A.13)

Starting from the final population given in Equation A.8 we are able to derive the PL
expression with t;,;; = 500 ps and detection window ¢ = 300 ns.
For the 8-level model we can define the row vector §7 that selects the radiative

excited-state populations as:
=0 001110 0) (A.14)

we have:
STP(t,7) = Psy(t,7) + Pyn(t,7) + Py (t, 7), (A.15)

so that, using k3; = k4o = k and Equation A.8, the emission is written as

R(t,7) = k(Ps(t,7) + Pyn(t,7) 4+ Pyy(t, 7)) = k3T P(t,7) = k5TeMtG(r).  (A.16)

The photoluminescence signal in case of a diagonalizable M, for any detection window

TDW

(A.17)
Let
aT=5TU,  B(r)=U(n). (A.18)
Since eP0! is diagonal, the integral separates:
8 Tow 8
PL(7) = kY w; () / et dt =k w; Bi(7) Fy(Tpw), (A.19)
j=1 0 j=1
where . .
a;jlpw __
Tpw ¢ ,  Qj # 0,
Fj<TDW) = / eo‘jt dt = Q;j (AQO)
0 TDW7 a; = 0.

There will be a; = 0 due to NV saturation. When NV is saturated, its state does not
change upon more laser excitation, hence eaitﬁsat = ﬁsat and ]3sat is the eigenstate related
to the eigenvalue o; = 0

From Equation A.5

B(r)=U"'¢(r) = U VeV, (A.21)
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Define ¢= V10, so that (¢?17¢); = ¢*"¢;. Hence,

8
Bi(m) = (UT'VePe) =3 (UT'V), e, (A.22)

=1

Substituting Equation A.22 into Equation A.19 yields

PL(7) = k Z w; Fy(Tpw) Z (U'V),, cie™T

j=1 =1
8
=D ke w F(Tow) (UT'V) | €M7 (A.23)
i=1 j=1

-~

A

Therefore, the PL signal in the 8-level model can be written as a sum of eight expo-

nentials in the dark time:

8
PL(r) = > A, (A.24)
=1
with coefficients
. 8
A=k (v*m){ (57i;) Fy(Tow) (U'V),,. (A.25)
) =1

Equivalently, for any diagonalizable 8-level rate matrix M = CAC™! with A =
diag(Ay, . .., As) and eigenvectors C'¢ (columns of C'), the solution of P = M P is (Berberan-
Santos; Martinho, 1990)

8
P(t) = M P(0) = Zai et ;= (C’lﬁ(0)> . (A.26)
i=1 ‘
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APPENDIX B - PL Expression - Stretched
Exponential Model

First, we define how the number of negatively charged NV centers (denoted by N~ (t))
evolves when the laser is turned on and off. Under laser excitation, N~ (t) increases from
the initial value N, (t = 0) to the maximum number of NV centers, N,,.., following a

stretched exponential function:

Nin =« — ﬂa = 07
Non(Ninat) =a— 66_(ath)m = (B]')
Nz = @, t — oo.

Where 0 < m < 1. This leads to:

Non<Nm7 t) = Nmaw - (Nma:v - Nz )67(ab6t)m . (BQ)

A similar reasoning applies to the dark case, where the number of negatively charged

NV centers starts from the value immediately after the laser is turned off, N/ | and reaches

mnr

the minimum value N,,;, as 7 — oo:

N{n:a,+ﬁla T:O,
Nopp(Nj, 7) = o — gl e o) = (B.3)
Npin = o, T — 0.

With 0 < n < 1. This leads to:

Noff(Ni/n7 T) = Nmm + (Nz,n - Nmzn) 6_(kbCT)n (B4)

We now proceed with the calculation for each step of the dark-time experiment, both
for the populations and for the number of NV ~. It is important to note that the total
number of NV centers is assumed to be constant, i.e., N~ + N® = N,ora1, where N? is the
number of NV centers. Additionally, the charge conversion is treated independently from
ionization for simplicity.

As discussed in Appendix A, after an initialization pulse of duration ¢;,;;, the population

vector 1s

\ff = GMO tinit ﬁo, with N~ (tzmt) = Nyaz-

We assume that the initialization pulse prepares the system with the maximum number
of negatively charged NV centers, N,,... In practice, this is not always the case for shorter
pulses, which may only polarize the spin into the m, = 0 state; however, this simplification

does not affect the final expression.
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After the initialization pulse, the system undergoes a dark period of duration 7, during

which the populations evolve as

o(1) = M7,

The number of NV~ immediately after the laser is turned off is maximal (N}, = Nyaa)

and evolves during the dark time as

N_(tim't + 7-) = Noff(Nmaxa 7-) = Nmzn + (Nmax - Nmzn) e_(kbCT)n' (B5)

Since the photoluminescence detection window coincides with the probing laser, the

final population after a probe pulse of duration ¢ is

B(t,r) = e (7).

and the corresponding number of NV~ centers is

N_(tinit + 7+ t) = Non(Nina t) = Nmaw - (Nmaac - Nz )6_(ab6t)m7 (B6>

where the initial value is Ny, = N~ (tinie + 7).

Substituting Equation B.5 into Equation B.6, we obtain

N_ (tim‘t + 7+ t) = Nmal’ - [Nmax - (Nmm + (Nmaa: - Nmm) 6_(1%07—)”)] 6_(ath)m

. . (B.7)
— Nmax — (Nmaar — Nmzn) |:1 _ e_(kbcT) :| 6_(abct) .
Defining
L(T) = (Nma:c - Nmm) [1 - 6_(]%67—)”} 5 (B8)
the expression can be written in the compact form
N~ (tinit + 7 + 1) = Nppao — L(7) e~ (@)™, (B.9)

The emission function R(t, 7) is proportional to the number of emitting NV ~. Assuming
that the back-conversion process does not affect the internal electronic dynamics, its effect

on the emission can be factorized, leading to

R(t,7) = N~ (tinit + 7+ t) k [Ps(t, 7) + Pam(t, 7) + Pup(t, 7)]

’ (B.10)
= (Nmaz — L(7) e~ (avct) )k [Ps(t,7) + Py (t,7) + Pap(t,7)] .

In this step it is assumed that an increase of emitting NV~ does not effectively change

the other transition rates and any NV-NV interaction is still neglected.
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Now, it is possible to substitute this definition of instantaneous emission in the
Equation A.17

Tow
PLsp(r) = / R(t,7) dt
0
Tow . .
— k/ (Nmaz _ L(T) 6_(abct) )gTUBDotU_lgb(T) dt (Bll)
0

Tpw . 5
= k/ (Nmax — L(7) e~ (@D ) wTeB(7) dt
0

where it was used the definitions in Equation A.18 for the expression of the PL for
the stretched exponential model (PLgg(7)). We know that the PL expression for the

rate-equation only model derived in the previous appendix is given as:

Tpw
PLgp(T) = k;/ @ TPt G(r) dt = ZA e (B.12)
0

Conveniently rearranging Equation B.11, we obtain

TDW 5 TDW m N
PLse(T) = Nma:ckr/ ID'TeDOtB(T) dt — L(T) k:/ e~ (avet) IUTeDOtﬂ(T) dt, (B.13)
0 0

To proceed, we consider an approximation for the parameter a;.. The fitted values for
Ky and n are 1.32 x 10~%ns™! and 0.57, respectively. By taking ay. ~ k., we find that,
over the entire detection window Ty = 1 us, the condition (ap.Tpw )™ < 1 is satisfied.

Under this condition, the argument of the stretched exponential remains small through-

out the integration interval, and the exponential term can be approximated as

_ m
e (abct) ~ 1 .

Substituting this approximation into Equation B.13, we recover Equation 5.2:

TDW 5 TDW N
PLs5(7) = Npask / wTePB(T)dt — L(1)k / Wt ePotB() dt
0 0

= NmazPLRE(7—> — L(T)PLRE(T)

= (Npaz — L(7))PLgg(T) (B.14)

- (Nmaac - (Nma;r - Nmzn) []- - 6_(1%07—)”}) PLRE(T)

Noaz — Ny
— ) ZTmax Ctman —(kpet)" . pNT
= N,in (1+ m— b );A,e .
This approximation is valid when the characteristic charge conversion time is much

longer than the detection window, i.e., (ap.ITpw )" < 1. Therefore, ap. does not need to
be strictly equal to ky.; this choice is made for simplicity, as as. is not the focus of the

present analysis. In the simulation it was used ap. = ki
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Experimental data (Figure 18) support this assumption: after a dark time of ap-
proximately 10 us, a 500 pus pulse is still insufficient to saturate the NV~ population, as
indicated by the fact that the PL does not reach its maximum value.

Therefore, in this regime of ay., charge conversion can be considered negligible during

the detection process.
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