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Abstract

Spin-based quantum sensors have demonstrated significant potential for sensing appli-
cations, for instance in fundamental science, medical diagnostics or navigation; where
they excel due to their abundance of potential observables and their extraordinary
sensitivity at the nanoscale. The nitrogen-vacancy (NV) center in diamond is a par-
ticularly promising platform for spin-based quantum sensing, because it hosts a single
electron spin with long coherence times even at room temperature, that can be opti-
cally initialized and readout. As such, the NV center has received a lot of experimental
attention which resulted in a large toolbox of specialized sensing protocols.
In this thesis, we add to the development of the NV sensing toolbox. First, we present a
purely optical approach to coherent NV quantum sensing. Our scheme utilizes the NV
center’s 15N nuclear spin as a sensor, and exploits NV spin dynamics in oblique mag-
netic fields near the NV’s excited state level anti-crossing. We demonstrate all-optical
free induction decay measurements – the key protocol for low-frequency quantum
sensing – and estimate that for gyroscopy applications, our sensing protocol could
achieve sensitivities competitive with the state-of-the-art.
In the second half of this thesis, we turn to the detection of surface spins via NV
nuclear magnetic resonance (NMR). We report on an ubiquitous presence of 1H nu-
clear spins on oxygen terminated diamond surfaces, and based on our experimental
results, we speculate that these spins are provided by either surface-bound chemical
groups containing hydrogen, or a nanometer thin adsorbate layer of water in a solid-
like phase. Then, using these surface spins as an NMR target, we make a technical
comparison of NMR with the Spin-Lock sequence and the more established XY8-k
protocol, and thereby demonstrate that spin-locking not only solves key issues with
XY8-k, such as harmonic frequency contamination of the NMR spectrum and limited
spectral resolution, but we also show that Spin-Lock NMR is about 2.5 times more
sensitive than XY8-k NMR. Finally, we derive a theoretical description of Spin-Lock
NMR with which single NV depth determination can be realized, similar to the XY8-k
approach of Pham et al. By fitting these two models to our experimental data, we
reveal that both suffer from weaknesses in that they make approximations that are
invalid for our experiments. Nonetheless, we attempt to use the models to further
characterize the ubiquitous presence of surface protons, and we thereby find the pre-
liminary result that just a collection of hydrogen rich chemically bonded groups is
not enough to explain our data, and that a contact layer of solid-like water is likely
involved. In conclusion, our results contribute to improving NMR-based NV depth
determination, and to a better understanding of water adsorbate layers on diamond.
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Introduction

Quantum physics is an essential part of modern science that evolves around the study
of systems on the atomic or even subatomic scale. At such tiny length scales, a mul-
titude of counter-intuitive quantum phenomena such as superposition and entangle-
ment can be observed, and classical physics fundamentally fail to describe them. Only
with the formulation of the quantum theory in the 20th century, the properties and
behaviour of these quantum systems could be described in a meaningful manner.
Nowadays, almost a hundred years later, the investigation of these quantum systems
and their properties has grown to a highly active and wide-spread field of research.
Most importantly, the accumulated knowledge from decades of quantum research has
paved the way to substantial technological advances; in particular in computing, com-
munication and sensing.
In quantum computing [1], quantum properties are harnessed to build information
processing platforms that promise to exceed the capabilities of classical computers.
Quantum communication [2] makes use of the entanglement between spatially sepa-
rated quantum systems to provide secure exchange of information that is protected
from eavesdropping. Finally, in quantum sensing [3] – the field that this thesis is all
about – quantum systems are employed as a sensor to measure physical quantities
at the nanometer scale. Contrary to other quantum technologies where the quantum
systems’ extraordinary sensitivity to external disturbances is a central weakness, it
is this high sensitivity that is exploited in quantum sensing techniques. As a result,
state-of-the-art quantum sensors surpass the qualities of classical sensing approaches
in terms of not only spatial resolution, but also sensitivity.
Quantum sensors can be realized in many different ways. Among these different phys-
ical implementations there are for example photonic systems that use squeezed states
of light for the detection of signals below the standard quantum limit, for instance
in gravitational wave detectors [4]. Other examples include superconducting devices
that utilize quantized electric charge or flux in Josephson junctions to measure weak
electromagnetic fields [5]; motional states of trapped ions sensitive to force and dis-
placement [6]; or phonons in optomechanical devices that can detect mass [7] and ac-
celeration [8]. Last but not least, there is a large group of quantum sensors that make
use of the spin associated with quantum objects such as atoms, nuclei or electrons. It
has successfully been demonstrated that these spin-based quantum sensors can be used
to measure a wide range of relevant physical quantities, such as magnetic [9] or electric
fields [10], frequency [11], temperature [12], pressure [13], mechanical stress [14], or
rotary motion [15]. This abundance of potential observables, combined with their high
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sensitivity at the nanoscale, makes spin-based quantum sensors highly interesting for
many fields of application, such as life sciences [16], geological sciences [17], material
sciences [18] and navigation [19].
The nitrogen-vacancy (NV) center in diamond [20] is a particularly suitable plat-
form for spin-based quantum sensing applications, due to the excellent properties
it provides: First, it hosts a single electron spin with exceptionally long coherence
times [21, 22] even at room temperature [23], which boosts the sensitivity compared
to shorter lived spin systems [3]. Second, the NV electronic spin can be optically
accessed with visible light. Upon such illumination, the NV spin is pumped into a
specific eigenstate, enabling all-optical spin initialization [24, 25]. At the same time,
the defect emits a spin-dependent amount of red photoluminescence, allowing for ro-
bust optical spin readout [26]. Such initialization and readout of the spin state is a
key prerequisite for sensing, and the fact that the NV provides the means to do this
in a robust, reliable and room temperature compatible fashion drastically facilitates
sensing applications. Third, the NV center is located in the crystal lattice of diamond,
a highly robust material that can not only be nanofabricated into experimentally ad-
vantageous nanostructures; but that also ensures the electric stability of the NV defect
even in tiny nanodiamonds. For example, the fabrication of NV scanning probes has
enabled magnetic field imaging with 25 nm resolution [27], and nanodiamonds have
successfully been deployed for in-vivo thermometry in living organisms [28]. Finally,
the NV center provides not only an electronic spin, but also a nuclear spin associated
with the defect’s nitrogen atom. This nuclear spin is coupled to the electron spin, and
can thus be indirectly accessed optically for facile initialization [29] and readout [30].
Importantly, due to its much smaller gyromagnetic ratio, this nuclear spin exhibits
significantly longer coherence times compared to the NV electron spin [31, 32], and
therefore it offers another interesting resource for quantum technology applications,
particularly in magnetometry [32,33] and gyroscopy [34,35].
Because of all these fantastic properties, the NV center has received a lot of atten-
tion in recent years, which has resulted in the development of a large toolbox of
specialized and sophisticated sensing protocols, utilizing either or both of the spins
in the NV center. In particular, by deploying AC magnetic fields for coherent spin
control, dynamical decoupling pulse sequences have successfully been introduced to
NV-based sensing [36, 37]. These sequences are comprised of a series of microwave
pulses that manipulate the NV electron spin in a way that alters its response to the
environment, effectively acting like a noise filter [38]. This way it is possible to decou-
ple the spin from specific noise sources to further boost the spin coherence time and
thereby increase the sensitivity in sensing applications [39, 40]. Alternatively, pulsed
dynamical decoupling can maximize the NV spin’s sensitivity to a target AC signal,
enabling frequency selective spectroscopy of the nearby environment [41, 42], and in
particular nuclear magnetic resonance (NMR) measurements [43–45]. Such NV NMR
is especially interesting for the characterization of the diamond surface [45–47]; and
its ability to image individual molecules [48, 49] or even single spins [50] sees oppor-
tunities in chemistry, biology and the medical sciences. Moreover, one already widely
employed use case of NV NMR is the determination of an individual NV center’s
depth in the diamond crystal via NMR of immersion oil on the diamond surface, as
proposed by Pham et al. [51]. Such depth determination via surface NMR is one focus
of this thesis.
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Apart from various microwave spin manipulation sequences, the NV sensing toolbox
has also been equipped with meaningful advances in other aspects of the experi-
mental routine. For example, the available diamond nanofabrication techniques are
continuously pushed forward, resulting in more intricate and sensitive devices [52].
Specifically, there is significant progress in the chemical engineering of the diamond
surface to reduce surface-induced noise and simultaneously facilitate the deposition
of NMR targets on the diamond surface [53]. In addition, there are advances towards
enhanced spin readout techniques that are based on either the NV’s nitrogen nuclear
spin [48, 54], or on spin-to-charge conversion [55–57]. Finally, while most sensing
protocols are designed for single NVs, it is possible to extend them to entire ensembles
of NVs [9, 15]. This drastically increases the optical signal and thus the sensitivity,
however it comes at the cost of massively reduced spacial resolution and – for very
dense NV ensembles – shorter spin coherence times [58].

In this thesis, we add to the development of the NV sensing toolbox by introducing
a purely optical, coherent NV sensing protocol; and by contributing new insights in
NV NMR, specifically for NV depth determination via surface proton NMR.
First, in chapter 1, we give an extensive introduction to the basics of NV quantum
sensing. Then, in chapter 2, we present a novel all-optical nuclear spin-based sensing
scheme that does not require any AC magnetic fields. This scheme utilizes the NV
center’s 15N spin as a sensor, and exploits NV spin dynamics in small transverse
magnetic fields near the NV’s excited state level anti-crossing. Without the need
for microwave or radio-frequency radiation, our scheme lends itself to integration in
portable devices, or for studying samples that are adversely affected by said radiation.
We estimate that for gyroscopy applications, our scheme could achieve sensitivities
competitive with the state-of-the-art.
Afterwards, we turn to NMR measurements. In chapter 3, we report on an ubiquitous
presence of 1H nuclear spins on oxygen terminated diamond surfaces. We attempt
to characterize the origin of these spins, and based on our experimental results, we
speculate that these spins are provided by either chemical groups containing hydrogen
that are bonded to the diamond surface; or a nanometer thin adsorbate layer of
water in a solid-like phase. Raising awareness of this proton presence is important,
because negligence of these surface spins can be detrimental in applications that rely
on 1H NMR measurements, such as for example quantitative depth determination as
proposed by Pham et al. [51]. Moreover, a proper characterization of these surface
proton spins would pave the way to depth determination via NMR using only these
spins, thus omitting the need for coating the diamond with hydrogen-rich substances.
This would be especially advantageous in applications that rely on fragile diamond
structures from which these substances cannot easily be removed, such as for example
in scanning NV magnetometry [27].
Next, in chapter 4, we make a technical comparison of NMR with the Spin-Lock
sequence and the more established XY8-k protocol. We demonstrate that spin-locking
not only solves major issues with XY8-k, such as harmonic 13C contamination of the
NMR spectrum and limited frequency resolution, but we also show that Spin-Lock
NMR is up to 2.5 times more sensitive than XY8-k NMR. These results suggest that
for any NV sensing application that is based on measuring the NMR signal of a
single nuclear species in a quantitative fashion, such as NV depth determination or
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surface noise spectroscopy, spin-locking is a better choice than the XY8-k sequence,
especially when measuring with 13C-rich diamond samples and at high magnetic bias
fields exceeding 400 G.
Finally, in chapter 5, we derive a detailed theoretical description of Spin-Lock NMR
with which we can fit the NV depth and the NMR target’s spin density, similar to
the XY8-k NMR model of Pham et al. [51]. By carefully comparing these models
to each other and fitting them to our experimental data, we reveal that both of
them suffer from weaknesses in that they make approximations that are invalid for
our experiments. Qualitatively accurate depth determination with either model is
therefore not possible until these weaknesses are addressed. This is a critical finding,
as there are many people who are already using the XY8-k model for NV depth
determination [59–69]. Finally, despite these weaknesses, we attempt to use both
NMR models to further characterize the ubiquitous presence of surface protons, and
we thereby find the preliminary result that a collection of hydrogen rich chemically
bonded groups alone is not enough to explain our data, and that a contact layer
of solid-like water is very likely involved. Our results contribute towards achieving
quantitatively accurate single NV depth determination, and to a better understanding
of water adsorbate layers on oxygen-terminated diamond.



CHAPTER 1

Basics of NV Quantum Sensing

The nitrogen-vacancy (NV) center [20] is a paramagnetic defect in the carbon lattice
of diamond. It consists of a substitutional nitrogen atom adjacent to a lattice vacancy,
as illustrated in Figure 1.1. The four lattice sites neighbouring this vacancy, namely
three carbon atoms and that one nitrogen atom, form a tetrahedral structure with a
rotational symmetry axis along the (111) crystal direction, mathematically described
by the C3v symmetry group.

Carbon

Nitrogen

Vacancy

(001)

(100)

Figure 1.1: Crystal structure of the NV cen-
ter. Diamond is a face-centered cubic lattice with
two carbon atoms (grey) per primitive unit cell.
The NV consists of a substitutional nitrogen atom
(red) neighbouring a lattice vacancy (transpar-
ent) with four dangling electron bonds (green).
This tetrahedral structure exhibits a C3v symme-
try along the axis connecting the nitrogen and va-
cancy, in this case the (111) crystal axis.

There are five electrons associated with the NV center that are contributed by the
four dangling bonds surrounding the vacancy. To be specific, each carbon atom con-
tributes one electron, and the nitrogen atom contributes two of them. This particular
configuration is charge-neutral and denoted as NV0. An additional sixth electron from
other dopants or nearby impurities in the lattice can be trapped in the NV defect,
leading to the formation of the negatively charged state, NV−. As we will discuss in
this chapter, this negatively charged state offers highly attractive quantum properties,
that make it ideal for spin-based quantum sensing applications [3,20]. For this reason,
we work exclusively with NV− defects in this thesis, and for simplicity, we will refer
to the NV− charge state simply as NV hereafter.
The negatively charged NV center has a well understood electronic structure, with
orbital degrees of freedom that can experimentally be addressed by laser radiation;
and with spin degrees of freedom whose transitions can be accessed with microwave
magnetic fields. Together, these tools offer all the experimental prerequisites to per-
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form dynamical decoupling based quantum sensing with the NV spin as quantum
sensor. In this first chapter, we introduce and discuss the theoretical foundations for
such sensing with the NV center. We start with presenting the electronic structure
of the NV center in section 1.1. Then, we discuss the dynamics of the system under
green laser illumination in section 1.2, where we investigate how to use laser light
to initialize and readout the spin state all-optically. Afterwards, we have a detailed
look at coherent spin manipulation with microwave fields in section 1.3, where we
discuss how to employ such AC fields to control the spin in order to perform quantum
sensing experiments. Finally, we introduce all the relevant magnetometry and noise
spectroscopy protocols in sections 1.4 and 1.5 respectively.

1.1 Electronic Structure of the NV Center
The electronic structure of the NV center consists of both orbital and spin degrees
of freedom, and is affected by a wide range of external perturbations, such as mag-
netic or electric fields, microwave radiation or spins in the environment, to name a
few. In this section we will derive this electronic structure by discussing all involved
interactions, in order of their magnitude. We start with the structure that emerges
from the orbital degrees of freedom of the six electrons in the NV, leading to orbital
states split by hundreds of THz. Since the electrons carry a spin, these orbital states
have an internal electronic spin structure with energy splittings of a few GHz. Next,
we consider external magnetic fields that strongly affect these spin states, giving rise
to energy shifts on the order of a few MHz to GHz. Finally, there is an interaction of
the electronic spin with the nuclear spin of the NV center’s nitrogen atom, resulting
in a hyperfine structure with energies of only a few kHz to MHz.

1.1.1 Orbital Structure
The available orbital states of the NV center can be calculated via symmetry con-
siderations exploiting the defect’s C3v rotation symmetry [70], or by ab initio the-
ory [71,72]. The six NV electrons occupy the resulting states in a way such that only
two electrons remain unpaired. By minimization of the Coulomb interaction between
these two electrons, one finds the electronic ground state to be an orbital singlet spin
triplet state (3A2). In addition, there is an an excited state, an orbital doublet spin
triplet state (3E). At room temperature, the orbital degrees of freedom of this excited
state are mixed by spin-conserving electron-phonon interactions, leading to the aver-
aging to an effective orbital singlet spin triplet state [73]. As shown in Figure 1.2 (A),
the ground state and excited state are split by 1.945 eV [74], and they can be coupled
via an optical electric dipole transition. Experimentally, this optical transition can be
accessed resonantly with visible light with a wavelength of 637 nm, or non-resonantly
with wavelengths between 500 nm and 637 nm. We will discuss the dynamics of the
NV system under such illumination in detail in section 1.2.
In addition, there are two spin singlet states (1E1,2 and 1A1) located energetically
between ground and excited states, as illustrated in Figure 1.2 (A), with an energy
splitting in the infrared of 1.18 eV [75]. Since all four of the orbital states are located
deep within the roughly 5.5 eV wide bandgap of the diamond lattice, the negatively
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(A)
Conduction Band

Valence Band

Excited State

Ground State

Singlet

(B) (C)

States

Figure 1.2: Orbital and fine structure of the NV center in diamond at room tempera-
ture, illustrated not quite to scale. (A) Four orbital states are located deep within the
diamond bandgap; two spin singlets, 1E1,2 and 1A1 (green), and two spin triplets, 3A2
and 3E, which are identified as ground state (blue) and excited state (red). (B) Each
of the two spin triplets has an internal spin fine structure due to spin-spin interaction,
leading to a zero-field splitting denoted by Dgs,es

0 . (C) By applying an external mag-
netic field along the NV symmetry axis, Bext = (0, 0, Bz), the longitudinal Zeeman
effect lifts the degeneracy of the |±1⟩ states.

charged state NV− is stable even at room temperature [76], where kBT ≈ 25 meV.
In addition, due to low spin-orbit coupling in the ground state [20] and the high
Debye temperature of diamond [77], the NV center features excellent spin coherence
times, even at ambient conditions. For these reasons, it is a great platform for room
temperature spin physics.
Both the ground and excited state are spin triplets, where the two unpaired electrons
form a total electronic spin S = 1. These triplets exhibit an internal fine structure
that is best described in the eigenbasis |{mS}⟩ of the spin projection operator Ŝz onto
the NV center’s symmetry axis ez, where mS ∈ {0,±1} are the three Ŝz eigenvalues.
Due to spin-spin interactions, the state |0⟩ is split in energy from |±1⟩ by a zero-
field splitting of Dgs = 2π × 2.87 GHz [20, 78] in the ground state, and Des

0 = 2π ×
1.42 GHz [79] in the excited state respectively, as shown in Figure 1.2 (B).

1.1.2 The Effect of a Magnetic Field
External magnetic fields interact with the NV center by coupling to the permanent
magnetic moment of the electron spin. This fundamental interaction is called the
Zeeman effect. Mathematically, the effective, room temperature spin Hamiltonian for
the ground (gs) and excited (es) state triplets in the presence of a magnetic field is

Ĥgs,es/ℏ = Dgs,es
0 Ŝ2

z + γNVBext · Ŝ , (1.1)

where the first term describes the zero-field splitting based on spin-spin interactions,
while the second term describes the electronic Zeeman effect. Here, γNV = 2π×geµB ≈
2π×2.80 MHz/G is the gyromagnetic ratio of the NV center’s electron spin, and Dgs,es

0
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is the zero-field splitting as introduced in the previous section. Furthermore, the vector
Bext = (Bx, By, Bz) is the applied external magnetic field in the NV’s coordinate
system where the unit vector ez lies along the NV’s symmetry axis. Therefore, Bz is
the longitudinal on-axis magnetic field component, and Bx and By are the transverse
components perpendicular to the NV axis. The dimensionless spin operators Ŝ =
(Ŝx, Ŝy, Ŝz) for the electron spin (S = 1) are given with respect to the same NV
coordinate system, and in the basis {|+1⟩ , |0⟩ , |−1⟩} they are represented by the
following three dimensional matrices,

Ŝx = 1√
2

0 1 0
1 0 1
0 1 0

 , Ŝy = i√
2

0 −1 0
1 0 −1
0 1 0

 , Ŝz =

1 0 0
0 0 0
0 0 −1

 . (1.2)

To better differentiate between the longitudinal Zeeman effect based on Bz and the
transverse Zeeman effect due to Bx and By, equation (1.1) can be rewritten as

Ĥgs,es/ℏ = Dgs,es
0 Ŝ2

z + γNVBzŜz + γNV√
2

 0 B⊥e
−iϕ 0

B⊥e
+iϕ 0 B⊥e

−iϕ

0 B⊥e
+iϕ 0

 , (1.3)

where B⊥ = (B2
x +B2

y)1/2 is the absolute value of total transverse external magnetic
field, and ϕ = tan−1(By/Bx) is its azimuthal angle in the plane spanned by the
unit vectors ex and ey. In this form of the Hamiltonian, the second term describes
the longitudinal Zeeman effect, and the third term describes the transverse Zeeman
effect. These two terms have a very different effects on the eigenstates of Ĥgs,es. In
the following, we discuss these terms separately.

Longitudinal Magnetic Fields

Applying a magnetic field Bext = (0, 0, Bz) that is perfectly aligned with the NV cen-
ter’s symmetry axis splits up the mS = ±1 eigenstates by the longitudinal Zeeman
splitting ∆E = 2γNVBz, effectively lifting the degeneracy of the |±1⟩ doublet, as illus-
trated in Figures 1.2 (C) and 1.3 (A). Notably, for such a perfectly aligned magnetic
field the last term of equation (1.3) disappears, such that Ĥgs,es commutes with Ŝz,
meaning that |{mS}⟩ remains a good eigenbasis for the system.
The longitudinal Zeeman effect has two key experimental advantages: First, it opens
direct pathways to spin-based magnetometry by measuring the splitting between the
states |±1⟩. This can be done spectroscopically with a laser, a technique we will discuss
in detail in section 1.4.1. Second, by controlling the strength of the aligned magnetic
field, one can isolate |0⟩ and |−1⟩ into an effective two-level quantum system with an
arbitrary energy splitting. This is something which we will do throughout this thesis,
particularly in chapters 3 to 6 where we require two isolated spin quantum states split
by a few MHz to GHz.
For certain specific axial magnetic field values, level anti-crossings occur. In the excited
state, the states |−1⟩ and |0⟩ cross at Bz = Des

0 /γNV ≈ 507 G at what is called
the excited state level anti-crossing (ESLAC). In the ground state, these states are
degenerate in energy at Bz = Dgs

0 /γNV ≈ 1025 G, at the ground state level anti-
crossing (GSLAC). These anti-crossings are highlighted in Figure 1.3 (A). Note that



Basics of NV Quantum Sensing 9

the same physics take place for negative magnetic fields, however in this case |0⟩ is
crossing with |+1⟩ instead. In this thesis, we always work with positive magnetic
fields, and therefore we do not consider this case hereafter.

Transverse Magnetic Fields

Opposite to the longitudinal Zeeman effect, which conserves the |{mS}⟩ eigenbasis,
the transverse Zeeman effect can couple the |mS⟩ states and thereby mix them into
new eigenstates |Ψk⟩. Importantly, two states are only significantly mixed if they are
near-degenerate, that is if they are split in energy by less than ℏγNVB⊥. Otherwise,
the transverse Zeeman effect is suppressed by the large energy splitting. As shown in
Figure 1.3 (A), this means that mixing due to small transverse magnetic fields is only
relevant in the proximity of three particular values of Bz: At zero field (I+II), at the
ESLAC (III), and at the GSLAC (IV).
The degree of state mixing at these three three points is shown in Figure 1.3 (B), where
the expectation value of the spin quantum projection number mS of the eigenstates
|Ψk⟩ is plotted as a function ofB⊥. It is clear from the plot that at the three degeneracy
points, near-degenerate states are mixed by B⊥, which leads to the loss of a well-
defined mS quantum number; while for states that are well separated in energy, no
appreciable mixing is taking place for B⊥ < 50 G, as indicated by the conservation
of mS . Importantly, note how just a few Gauss of transverse field are sufficient to
fully mix two states at any of the Bz values I-IV, highlighting how very sensitive the
system is to transverse magnetic fields. In our experiments, we benefit greatly from
this high sensitivity when we utilize the mixing of |0⟩ and |−1⟩ at the ESLAC to

} es
gs

(B)(A)

ESLAC
III

GSLAC
IV

I

II

I

II

III

IV}
Figure 1.3: Diagonalization of the magnetic field dependent Hamiltonian Ĥgs,es

yields the eigenstates |Ψk⟩. (A) For B⊥ = 0, these eigenstates |Ψk⟩ are just the
Ŝz eigenstates |mS⟩. Here, we plot their eigenenergies as a function of Bz, demon-
strating the linear nature of the longitudinal Zeeman effect. Importantly, there are
only three points (grey circles) where two states are degenerate: At zero field (I+II),
at the ESLAC (III), and the GSLAC (IV). (B) The expectation value of the spin
quantum number mS for the states |Ψk⟩ as a function of B⊥ for values of Bz close
to the degeneracy points (I-IV). States that are near degenerate for the given Bz are
mixed, leading to a loss of a well defined quantum number mS , demonstrating the
mixture of |{mS}⟩ into a new eigenbasis.
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align the magnetic field with the NV axis by minimizing the degree of mixing. This
technique is discussed at the end of section 1.2.1.

1.1.3 Hyperfine Structure
In addition to the fine structure and interaction with external magnetic fields, ground
and excited state exhibit a hyperfine structure based on the interaction of the electron
spin with the NV center’s intrinsic nitrogen nuclear spin, as well as 13C spins in the
lattice. Here, we focus on just the nitrogen hyperfine interaction.
Nitrogen occurs in two different stable isotopes with different nuclear spins: either 15N
with I = 1/2, or 14N with spin J = 1. Depending on which of these isotopes form the
NV defect, two different hyperfine structures emerge. For 15N, the spin Hamiltonian
of ground (gs) and excited (es) spin triplet state reads

Ĥgs,es
N15 /ℏ = Dgs,es

0 Ŝ2
z + γNVBext · Ŝ + γN15Bext · Î

+Ags,es
∥ Ŝz Îz +Ags,es

⊥

(
ŜxÎx + Ŝy Îy

)
. (1.4)

On the other hand, for an NV formed by 14N, due to its nuclear spin J = 1 larger
than 1/2, there is a non-zero quadrupolar moment, leading to an additional term in
the Hamiltonian:

Ĥgs,es
N14 /ℏ = Dgs,es

0 Ŝ2
z + γNVBext · Ŝ + γN14Bext · Ĵ

+Ags,es
∥ ŜzĴz +Ags,es

⊥

(
ŜxĴx + ŜyĴy

)
+Q Ĵ2

z , (1.5)

In this Hamiltonian, the first two terms are the same as in equation (1.1). The third
term describes the nuclear Zeeman effect, imposing the same physics on the nuclear
nitrogen spin as previously discussed for the electron spin in section 1.1.2. The fourth
and fifth term describe the axial and transverse hyperfine interaction, that couples Ŝ
to the respective nuclear spin Î or Ĵ . Finally, the sixth term is the aforementioned
interaction of the electron spin with the quadrupolar moment of the 14N nuclear spin.
The hyperfine parameters coefficients for these Hamiltonians are shown in table 1.1.
Particularly, note that these parameters have opposite signs for the two different
nitrogen isotopes, because these isotopes have different signs in their gyromagnetic
ratios [80]. Furthermore, the nuclear electric quadrupolar parameter of 14N NVs is
Q = 2π × (−4.945) MHz [31, 81]. The dimensionless spin operators Ĵ = (Ĵx, Ĵy, Ĵz)
for the 14N spin (J = 1) in the {|+1⟩ , |0⟩ , |−1⟩} basis are represented by the same
three dimensional Pauli matrices as previously defined for the electron spin,

Ĵx = 1√
2

0 1 0
1 0 1
0 1 0

 , Ĵy = i√
2

0 −1 0
1 0 −1
0 1 0

 , Ĵz =

1 0 0
0 0 0
0 0 −1

 , (1.6)

Similarly, the spin operators for the 15N (I = 1/2) nuclear spin operators Î =
(Îx, Îy, Îz) in the {|+1/2⟩ , |−1/2⟩} basis are the two dimensional Pauli matrices,

Îx = 1
2

(
0 1
1 0

)
, Îy = 1

2i

(
0 1

−1 0

)
, Îz = 1

2

(
1 0
0 −1

)
. (1.7)
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Excited State

Ground State

Figure 1.4: Complete electronic hyperfine structure of the NV center, assuming
B⊥ = 0, for either a 15N atom (red) or a 14N atom (blue), as given by Hamiltonians
(1.4) and (1.5). The states are given in the basis |mS ,mI,J⟩. The order of the nuclear
states within an electronic manifold differs between orbital states and nuclear spin
isotopes because of the different signs of the hyperfine terms (see table 1.1). The
axial hyperfine splitting is the dominant term for nuclear splittings, because for the
magnetic fields Bz ≤ 600 G employed our experiments, 2γN15/N14Bz ≪ Ags,es

∥ . The
transverse hyperfine coupling and Zeeman effect are suppressed by the large energy
splitting unless the system is brought to the ESLAC or GSLAC (not shown here).
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Ags
∥ Ags

⊥ Aes
∥ Aes

⊥ γN15/14
15N +3.03 [82] +3.65 [82] −57.8 [83] −39.2 [83] −431.6 [80]
14N −2.17 [82] −2.70 [82] +40 [81] +40 [81] +307.7 [84]

units (2πMHz) (2πMHz) (2πMHz) (2πMHz) (2π kHz/G)

Table 1.1: List of hyperfine values with the respective literature references.

The hyperfine structure as dictated by (1.4) and (1.5) is depicted in Figure 1.4. In the
case of 15N, each electronic manifold is split into a hyperfine doublet, while for 14N,
hyperfine triplets are obtained. The nuclear states within each electronic manifold
are split by the longitudinal nuclear Zeeman effect, and – for states with non-zero
mS – by the axial hyperfine interaction. In this case, the axial hyperfine interaction
is the dominant contribution, because for the magnetic fields ≤ 600 G that we work
with in this thesis, the resulting nuclear Zeeman splitting is ≤ 500 kHz while the axial
hyperfine term is a few MHz to tens of MHz (see table 1.1). Note that the energetic
order of nuclear states within a manifold depends not only on the orbital degree
of freedom, but also on the given nitrogen isotope. That is because the sign of the
hyperfine parameters is different for these cases.
The basis |{mS}, {mI,J}⟩ we have used in Figure 1.4 is a good eigenbasis of the
hyperfine Hamiltonians (1.4) and (1.5) as long as the system is not close to the
ESLAC or GSLAC. Near these two level anti-crossings, states of different mS are
near-degenerate, such that the transverse Zeeman effect as well as the transverse
hyperfine interaction are no longer suppressed by a large energy splitting. This leads
to a mixture of states, and thus to the formation of a new eigenbasis. We have already
discussed the nature of the mixing due to transverse magnetic fields at the ESLAC and
GSLAC in section 1.1.2, and we now briefly turn to the physics of hyperfine-mediated
state mixing.
The transverse hyperfine coupling near a level anti-crossing is a flip-flop interaction,
that moves one spin quantum from either spin to the other. In the case of 15N, this
can easily be seen by rewriting the transverse hyperfine term from (1.4) in terms of
the spin raising and lowering operators, Ŝ± = Ŝx ± iŜy, respectively Î± = Îx ± iÎy,

Ags,es
⊥

(
ŜxÎx + Ŝy Îy

)
= 1

2 A
gs,es
⊥

(
Ŝ+Î− + Ŝ−Î+

)
. (1.8)

Applying this term to a state |mS ,mI⟩ will transform it into |mS ± 1,mI ∓ 1⟩ by
raising one spin quantum number and simultaneously lowering the other, hence the
name “flip-flop” interaction. In consequence, |0,−1/2⟩ and |−1,+1/2⟩ are coupled
with each other, while neither |0,+1/2⟩ nor |−1,−1/2⟩ are affected by (1.8). We
plot the eigenenergies of these four states near the ESLAC in Figure 1.5 (A). The
coupled pair of states exhibits an anti-crossing with an energy gap of Aes

⊥ plus a small
nuclear Zeeman shift. The same flip-flop interaction takes place for NVs formed by
the nuclear 14N isotope, however, in this case there are two coupled pairs, as shown
in Figure 1.5 (B). In the ground state near the GSLAC this flip-flop interaction also
occurs, though with smaller coupling strengths (see table 1.1).
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Figure 1.5: Hyperfine resolved eigenenergies at the ESLAC, where the |0⟩ and |−1⟩
electronic spin manifold are degenerate in the excited spin manifold, for B⊥ = 0,
shown for either (A) a nuclear 15N spin, or (B) a 14N spin. In each case, there are
two states that are not coupled by the transverse hyperfine coupling, and then there
is either one or two pairs of states that are coupled, giving rise to anti-crossings with
an energy separation of a few tens of MHz.

The hyperfine coupling at the ESLAC is coherently transferring spin polarization
between the electronic and nuclear spins, which makes it an interesting mechanism
to address the nuclear spin via the electron spin or vice versa. As we will discuss
in section 1.2.1, it is easy to optically initialize and readout the electron spin with
a green laser. By bringing the system into proximity of the ESLAC, such a laser
can be employed to grant optical access to the nuclear spin via the coupled electron
spin, giving rise to nuclear spin hyperpolarization [29, 81] and, by virtue of the same
mechanism, nuclear spin state readout [30]. We will discuss these nuclear dynamics
in detail in section 1.2.2.

1.2 Dynamics under Green Illumination
The NV center offers the intriguing possibility to access the electron spin state through
purely optical means by driving the optical transition between ground and excited
state with a laser. It turns out that such laser illumination can be utilized to not
only initialize the electronic spin via optical pumping [24, 25], but also read out the
electron spin state via spin-dependent photoluminescence (PL) [26, 85]. In addition,
near the ESLAC at approximately 500 G, the electron and nitrogen spin are coher-
ently coupled in the excited state, ultimately leading to optical access to the nuclear
nitrogen spin via the electron spin, and thereby paving the way to optical nuclear spin
hyperpolarization [29, 81, 86] and optical readout of the nuclear spin [30]. All these
techniques are cornerstones for spin-based experiments with NV centers in diamond,
as they allow simple and robust spin initialization and readout, for both the electron
and nitrogen spin, even at room temperature.
In this section, we discuss the exact dynamics of the NV center under such laser
illumination, both under default conditions and in the special case of operating near
the ESLAC at Bz ≈ 500 G.
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1.2.1 Optical Initialization and Readout
The NV center can be driven with light by addressing the optical electric dipole
transition between the ground state (3A2) and the excited state (3E). In particular,
the NV can be excited off-resonantly with green light with a wavelength of 500 nm
to 637 nm. For example, in our experiments we use a laser with 515 nm. Such green
illumination brings the ground state population into vibronic states slightly above
the energy of excited state, from where it decays into the excited spin manifold due
to radiationless, phonon-mediated decay processes, as illustrated in Figure 1.6. This
entire excitation mechanism operates only on the orbital degrees of freedom of the
NV quantum state, and is therefore highly spin-conserving. In other words, such
off-resonant optical excitation of an NV center that is polarized into a spin state
|mS ,mI,J⟩ brings the system into the exact same state in the excited state manifold.

Excitation
515 nm

PL
637 nm
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1042 nm

Excited State

Ground State

Singlet
States

Figure 1.6: A green laser excites
the system in a spin-conserving fash-
ion into vibronic states slightly above
the excited state (green), from where
it transitions into the excited state
(blue). From there, spin-conserving ra-
diative relaxation back to the ground
state gives rise to the emission of PL
(red). Alternatively, a non-radiative
transition through the metastable sin-
glet states can occur; a transition is
much more likely to occur for |±1⟩ pop-
ulation and preferentially ends up in
|0⟩. This means that continuous opti-
cal pumping with green light produces
spin-dependent PL, and ultimately po-
larizes the system into |0⟩.

From the excited state, there are two possible competing relaxation paths. On one
hand, there is a spin-conserving radiative decay directly back to the ground state.
This decay causes the emission of a photon, a phenomenon called photoluminescence
(PL), as shown in Figure 1.6. In case of a resonant decay, this photon has a wavelength
of 637 nm, corresponding to visible red light. Consequently, in the emission spectrum
of the NV, there is a zero-phonon line at 637 nm [74]. In addition, non-resonant decay
into vibronic states above the ground state leads to a large phononic sideband at
larger wavelengths [20].
On the other hand, the system can relax back into the ground state by transition-
ing through the intermediate electronic singlet states (1A1 and 1E1,2). This is also
depicted in Figure 1.6. The decay from the excited state into these singlets is often
called “inter-system crossing”, it is mediated by spin-orbit interaction, and it is much
more likely to occur for population in the |±1⟩ states [87,88]. These singlets are split
by 1.18 eV, corresponding to an infrared transition of 1024 nm [75]. From the singlet
state, a radiationless decay brings the system back to the electronic ground state. This
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process is not yet fully understood, and the reported transition probabilities into the
three possible spin projections vary a lot from study to study, however, most people
claim to find either no spin selectivity at all [85,87], or a slight preference for decaying
into the |0⟩ state [25,89–92]. See table 2.1 for a collection of reported values.
The combination of the spin-conserving optical cycle between ground and excited
state and the spin-selective inter-system crossing through the singlet states leads to
a polarization of the electronic spin into the |0⟩ state. Typically, at saturated optical
excitation, the system is well polarized to more than 90 % to after pumping for at
least 1 µs [55]. In our experiment, we apply 3 µs of green light for initialization. This
optical spin initialization is a crucial property of the NV center that we use in every
single experiment throughout this thesis, and it is the reason why the initial state of
the sensing protocols in always the |0⟩ state.
The excited state has a radiative lifetime of about 10 ns [89, 93], leading to a very
fast optical cycle between ground and excited state that is mostly limited by the
available green excitation power. In comparison to that, the singlet states have very
long lifetimes. For example, depending on the temperature, the lower singlet 1E1,2
has a lifetime of approximately 150 to 450 ns [94]. In consequence, if population moves
into these singlets, it is trapped there for many optical cycles, and does therefore not
contribute to any PL emission. Since the mS = ±1 states are much more likely to
move into those optically inactive singlet states, the PL intensity resulting from an
NV in a |±1⟩ state is significantly lower than from an NV in the |0⟩ state. In an
optimized setup, an optical contrast of up to 30 % can be achieved [57].
This spin-dependent PL provides a tool for differentiating |0⟩ from |±1⟩ by purely op-
tical means. Note that this spin measurement technique cannot discriminate between
the |±1⟩ states. In our experiments, however, we exclusively work on an effective two-
level system comprised of |0⟩ and |−1⟩ where this optical spin readout is unambiguous.
In our protocols, the readout laser pulse after an experiment is 350 ns long, fol-
lowed by re-initialization into |0⟩ for 3 µs to prepare for the next experiment repetition.

Finally, we briefly describe a useful experimental technique that combines the dis-
cussed photo-physics of the NV with the physics of electronic state mixing due to
B⊥ as previously discussed in section 1.1.2. By measuring the PL of the NV under
continuous green illumination, assuming a perfectly aligned magnetic field of 500 G,
the electron spin is brought into the |0⟩ state and thus a high rate of PL is observed.
Misaligning the magnetic field by less than one degree introduces a transverse field
B⊥ of a few Gauss, which is enough to mix the bright |0⟩ state with the darker |−1⟩
state, see Figure 1.3 (B), leading to an overall reduction in PL. This can be exploited
to align an external magnetic field of about 500 G with the NV symmetry axis, sim-
ply by maximizing PL. For all experiments that we conduct near the ESLAC, the
magnetic field is first aligned with the NV axis with exactly this procedure.

1.2.2 Nuclear Dynamics at the ESLAC
The optical properties of the NV center that we discussed in the previous section
remain largely unchanged if the hyperfine interaction with the NV’s nitrogen atom is
taken into consideration. That is because the nuclear spin has no orbital degrees of
freedom itself, and can therefore not be directly addressed with a laser. In addition,
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the nuclear spin state is conserved when the system is optically cycled between ground
and excited state; in fact it is even conserved when the system transitions through
the singlet states. Therefore, it is in general true that illumination with green light
leads to nuclear spin-independent electron spin-dependent PL, and to initialization
from |ϕS , ϕI⟩ into |mS = 0, ϕI⟩, where |ϕS⟩ and |ϕI⟩ are arbitrary electron and nuclear
spin states respectively.
However, there is an exception to this: At the ESLAC, hyperfine-mediated coupling
between electron and nuclear spin (see section 1.1.3) gives rise to a hyperpolariza-
tion of the nuclear spin [29]. For the 15N isotope, this works as follows: |0,−1/2⟩ and
|−1,+1/2⟩ are coupled near the ESLAC, meaning that the transverse hyperfine in-
teraction causes flip-flop interactions between the coupled states. On the other hand,
continuous optical pumping brings the electron spin into |0⟩; a process that works in
only one direction. The combination of these two processes results in a continuous
pumping of the system into the steady-state |0,+1/2⟩, as shown in Figure 1.7 (A). In
other words, while the laser slowly polarizes the electron spin, the flip-flop coupling in
the excited state transfers polarization to the nuclear spin, ultimately leading to the
polarization of both spins. For a 14N-based NV, the same nuclear hyperpolarization
can be realized, albeit with two additional steps, as illustrated in Figure 1.7 (B). The
steady-state in this case is |0,+1⟩.
The described mechanism achieves exceptional nuclear polarization quality of more
than 98 % for single NVs [29]. Notably, the process still works reasonably well at
magnetic fields that are substantially far away from the ESLAC. For instance, at

Dark

(A) (B)

Laser
LaserBright

Dark

Bright

Figure 1.7: Schematic depiction of the nuclear hyperpolarization process under green
illumination near the ESLAC. Under these conditions, mS = 0 and mS = −1 spin
state manifolds are near-degenerate in the excited state, leading to a hyperfine-based
flip-flop interaction between certain spin state pairs (black arrows). At the same time,
the green laser light shelves the system into mS = 0 in a nuclear spin-conserving fash-
ion (green arrows). The combination of these two processes leads to hyperpolarization
of the nuclear spin into (A) the steady-state |0,+1/2⟩ for NVs formed by 15N, and
into (B) the state |0,+1⟩ in the case of 14N. These hyperpolarized states emit more
PL when probed with a green laser compared to other states within the mS = 0 man-
ifold, because they are not coupled to a dark mS = −1 state. This allows for optical
readout of the nuclear spin state. Note that for simplicity, the levels are not depicted
in their correct energetic order, and the far-detuned mS = +1 states are omitted.
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150 G offset from the ESLAC, the polarization efficiency decreases by only about
20 % [29]. The technique can be extended from single NVs to entire NV ensembles,
where nuclear hyperpolarization of up to 90 % has been reported [86].
As discussed in the previous section, the system emits red PL upon green illumination,
and the amount of emitted photons is high if the system is in a state with electron
spin projection mS = 0, and low if it is in a state with mS = ±1, up to a contrast of
about 30 % [57]. Usually, the nuclear spin projection does affect the emitted PL. Near
the ESLAC, however, the nuclear spin matters in that it introduces a PL difference
for states within the same mS manifold. In particular, among the mS = 0 states,
the hyperpolarized state is the brightest, because it is the only state that is not
mixed with a state from the darker mS = −1 manifold. Experimentally, an optically
detected nuclear contrast of up to roughly 4 % can be achieved [30]. This nuclear spin-
dependent PL near the ESLAC enables all-optical nuclear spin readout, a technique
that is of paramount importance for obtaining the results of chapter 2.
Finally, note that nuclear hyperpolarization and readout can be implemented near
the GSLAC by exploiting the same mechanisms, however, within the scope of this
thesis we only work near the ESLAC and thus skip the GSLAC discussion.

1.3 Spin Control with AC Magnetic Fields
When it comes to the experimental realization of NV spin-based quantum sensing
technologies, the optical initialization and readout discussed in the previous section
are key ingredients. However, most spin-based quantum sensing protocols require the
spin sensor to be initialized in a very specific state, mostly a superposition state, that
is different from the optically pumped |0⟩ state. Moreover, many sensing schemes
perform unitary operations on the spin state between sensing periods for sensitiv-
ity enhancement, or for frequency filtering in AC sensing techniques. Therefore, to
realize such advanced sensing schemes with the NV spin, exploiting just the optical
properties of the NV is not sufficient, but it is crucial to additionally implement a
robust experimental way to coherently control the spin state in any arbitrary way. In
this section we explore how microwave radiation can be utilized to provide just such
coherent spin manipulation.

1.3.1 Microwave Interaction Hamiltonian
Let’s consider an NV center that is exposed to electromagnetic radiation in the radio-
frequency (RF) to microwave (MW) regime, meaning a few MHz up to a few GHz. In
this case, the dominant interaction is the coupling of the time-varying magnetic field
component BMW(t) to the spin magnetic dipole moment µ̂ = −ℏγNVŜ of the NV’s
electron spin. The corresponding time-dependent interaction Hamiltonian reads

ĤMW(t) = −µ̂ · BMW(t) = ℏγNVBMW(t) · Ŝ . (1.9)

Technically, BMW(t) would also interact with orbital magnetic dipole moments, but
since the ground state (always) and the excited state (only at room-temperature due
to orbital averaging) are orbital singlets, there is no such orbital moment. The electric
component EMW(t) of the electromagnetic field is in principle also coupling to the
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NV spin degrees of freedom via the Stark effect [95], though this effect is negligibly
weak and we thus omit it in this thesis.
Interaction with an AC magnetic field as described by the ĤMW(t) will couple certain
spin eigenstates. Specifically, by evaluating the matrix elements of ĤMW(t) one can
derive selection rules for these magnetic dipole transitions, and thereby find that only
states with ∆mS = ±1 are coupled. For the NV ground state, this implies that a MW
field can drive only two distinct transitions, namely either |0⟩ ↔ |+1⟩ or |0⟩ ↔ |−1⟩.
Therefore, for simplicity’s sake, it makes sense to consider only an effective two-level
subsystem comprised of either of these pairs. Since we experimentally work exclusively
with the |0⟩ and |−1⟩ states, let us continue with this particular two-level system,
where we call its energy splitting ℏω0.
Let us consider the case where the electromagnetic MW field generates a linearly
polarized AC magnetic field at the NV position, mathematically given by BMW(t) =
BMW cos(ωt+ ϕ), where BMW = (BMW

x , BMW
y , BMW

z ) describes the MW field’s con-
stant vector magnetic amplitude, ω denotes its frequency, and ϕ is its phase. Further-
more, we omit static transverse magnetic fields and the hyperfine interaction for now.
Overall, for these conditions, the MW driven ground state two-level system comprised
of |0⟩ and |−1⟩ is well described by

Ĥgs = ℏω0σ̂z + ℏγNVσ̂ · BMW(t) , (1.10)

where the first term defines the energy splitting of ℏω0 and the second one describes
the interaction with the MW field as given by equation (1.9). Here, σ̂ = (σ̂x, σ̂y, σ̂z)
are the spin operators for the {|0⟩ , |−1⟩} two-level system, that have the same matrix
representations as the operator Î in (1.7).
Ultimately, we aim to describe the dynamics of the spin under MW excitation, and
for this reason the goal is to solve the Schrödinger equation for the Hamiltonian Ĥgs

from equation (1.10). To that end, we first eliminate the time dependencies in that
Hamiltonian. This can be done by transforming to the rotating interaction frame with
the transformation rule

Ĥ → ÛĤÛ† + iℏ
∂Û

∂t
Û† := Ĥrot , (1.11)

using the unitary transformation operator Û = exp(iωt σ̂z), which results in

Ĥgs
rot(t) = ℏ

(
ω0 − ω + γNVB

MW
z cos(ωt+ ϕ)

)
σ̂z (1.12)

+ ℏγNV

4 (BMW
x − iBMW

y ) e−iϕ
(

1 + e2i(ωt+ϕ)
)

(σ̂x + iσ̂y)

+ ℏγNV

4 (BMW
x + iBMW

y ) e+iϕ
(

1 + e2i(ωt+ϕ)
)

(σ̂x − iσ̂y) .

Next, we perform the rotating-wave approximation (RWA) by dropping the fast oscil-
lating terms e2i(ωt+ϕ). What this means is the following: In the lab frame, the linearly
polarized field can be decomposed into two circularly polarized components that ro-
tate with equal frequency ω in opposite directions; such that in the rotating frame
that matches their frequency ω, these components have frequencies of either 0 or 2ω.
The RWA states that it is approximately valid to neglect the latter fast rotating term
as it averages to zero on the time scale where the relevant dynamics occur.
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In addition to the RWA, we also drop the magnetic BMW
z component of the MW field,

because this component – as is evident by equation (1.12) – is only producing time-
varying shifts of the spin levels, and not transferring any population between spin
states. Furthermore, we write the complex transverse components of the MW field
as (BMW

x ± iBMW
y ) = BMW

⊥ e±iα with complex phase α. Together with applying the
RWA, these simplifications lead to the time-independent rotating frame Hamiltonian

Ĥgs
rot = −ℏδσ̂z + ℏ

2 (Ω∗
Rσ̂+ + ΩRσ̂−) = ℏ

2

(
−δ Ω∗

R

ΩR +δ

)
, (1.13)

where we have introduced the spin raising and lowering operators σ̂± = (σ̂x ± iσ̂y),
the detuning δ = (ω − ω0), and the so-called Rabi frequency ΩR that is given by

ΩR :=
(

1
2γNVB

MW
⊥ ei(ϕ−α)

)
fix BMW

⊥−−−−−−→
along x

(
1
2γNVB

MW
⊥ eiϕ

)
, (1.14)

with Ω∗
R being the complex conjugate of ΩR. The detuning δ describes the offset

between the MW frequency and the spin transition frequency, the Rabi frequency ΩR

is a measure of the coupling strength between MW field and spin system. Note that
by exploiting the rotation symmetry of the NV system, one can chose the ex-axis to
be aligned with BMW

⊥ such that α = 0. We will always work under this assumption
hereafter.
The eigenstates |±⟩ of the driven system are often called “dressed states”, and can
be obtained by diagonalization of Hamiltonian (1.13). These dressed states possess
an energy splitting given by the effective Rabi frequency ℏΩ = ±ℏ

√
δ2 + |ΩR|2, an

energy splitting that is crucial in Spin-Lock experiments (see section 1.5.5 for an
introduction to that sequence, and chapters 3 to 5 for experimental results).
Before we close this section, let us note that the same Hamiltonian could be derived
for the interaction of an electromagnetic field with a nuclear spin. However, in this
case, the required field needs to be in the radio-frequency regime (only a few MHz)
to hit the resonance with nuclear spin transitions, and in addition, due to the much
smaller gyromagnetic ratio of nuclear spins, the field needs to have a drastically larger
amplitude to induce similar dynamics with MHz bandwidth. For our experiments,
there is no need for such nuclear spin control, and we therefore stick to discussing
only the case of electron spin manipulation.

1.3.2 Coherent Spin Manipulation

The dynamics invoked by Hamiltonian Ĥgs
rot from (1.13) are unitary rotations of the

spin state, as one can see by considering the corresponding time evolution operator

Û(t) = exp
(

−it
ℏ

Ĥgs
rot

)
= exp (−iΩt σ̂ · eMW) , (1.15)

where we introduced the normalized unit vector

eMW = 1
Ω

+|ΩR| cosϕ
−|ΩR| sinϕ

−δ

 . (1.16)
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Equation (1.15) demonstrates that the system’s spin propagator Û(t) has the mathe-
matical form of a rotation operator, that rotates the spin about the axis eMW by an
angle of Ωt in the three-dimensional space spanned by σ̂x, σ̂y, and σ̂z.
To illustrate these spin rotations generated by Û(t), it is convenient to consider the
Bloch sphere representation. To that end, the state of the two-level system is mapped
onto the unit sphere in three-dimensional space. Specifically, a spin state described
by the density matrix ρ̂ = a · σ̂ + I2/2, where I2 is the two-dimensional unitary
operator, is represented on the Bloch sphere by the real-valued vector a. This means
that the poles of the Bloch sphere are identified as the bare states |0⟩ and |−1⟩, other
points on the surface correspond to pure superposition states, and points inside the
Bloch sphere are attributed to mixed states. In this Bloch sphere representation, in
the rotating frame, the MW field is represented by a static vector pointing along
eMW, with a length of Ω =

√
δ2 + |ΩR|2. The evolution of the spin as dictated by the

propagator from equation (1.15) is a rotation of the spin vector a about eMW by Ωt
radiants. Two examples of such rotations are shown in Figure 1.8.

Figure 1.8: Bloch Sphere representation of
the two-level system spanned by the ground
state spin states |0⟩ (north pole) and |−1⟩
(south pole). In the rotating frame, the MW
can be represented by the vector Ω eMW
(blue), characterized by azimuthal angle ϕ
equal to the MW field’s phase, z-component
equal to the system’s detuning δ and a length
of Ω. The resulting dynamics of a spin state
represented by a (red arrows) is a rotation
about eMW by an angle of Ωt. Here, the solid
red line shows the trajectory of a continuous
rotation with t ∈ {0,∞}.

Ultimately, this precessional motion of the spin state under MW irradiation means
that it is possible to generate any arbitrary spin rotation by choosing appropriate
values for ΩR, ϕ, δ, and t. These four values describe the MW field strength, phase,
frequency and uptime, which can all be easily controlled experimentally. Therefore,
MW pulses are perfectly suited to provide the necessary coherent spin control required
for implementing quantum sensing schemes. In fact, for the sequences employed in
this thesis, they form the basic building blocks.
In the following, we define the MW pulses that are later used to compile the sensing
protocols discussed in sections 1.4 and 1.5. To that end, let’s consider a MW field
that is resonant with the NV spin transition we are aiming to drive, e.g. we set δ = 0.
In this special case, the vector eMW lies in the equatorial plane of the Bloch sphere,
with an azimuthal angle of ϕ and length Ω = |ΩR|. What is so special about this
configuration is that such a field can rotate |0⟩ into |−1⟩ and vice versa. Specifically,
for a pulse duration of t = π/|ΩR|, the system undergoes exactly one such spin-flip;
a microwave pulse we call a π-pulse. This can be seen by computing the evolution of
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|0⟩ for δ = 0, which yields

Û
(
t = π

|ΩR|

)
|0⟩ = ie−iϕ |−1⟩ . (1.17)

For ϕ = 0, the eMW vector lies on the +ex axis. In this case, we call such a π-pulse a
+πx-pulse. Alternatively, for ϕ = ±π/2, the vector eMW is collinear with ±ey axis in
which case we talk about a ±πy-pulse. An example trajectory of the NV spin under
a +πy-pulse is shown in Figure 1.9 in blue.
Similarly, for t = (π/2)/ΩR, we obtain a so-called π/2-pulse, that causes the system
to perform a quarter rotation on the Bloch sphere, which would rotate a bare state
such as |0⟩ into an equal superposition state on the sphere equator and vice versa, as
becomes clear by inspecting the expression

Û
(
t = π

2|ΩR|

)
|0⟩ = 1√

2
(
|0⟩ + ie−iϕ |−1⟩

)
. (1.18)

Analogous to the nomenclature introduced above, depending on the direction of the
corresponding MW field, we call these pulses ±πx/2-pulses and ±πy/2-pulses respec-
tively. Figure 1.9 shows the Bloch sphere spin trajectory under a −πx/2-pulse.

Figure 1.9: Bloch Sphere representation of
a π and π/2-pulse performed on the two-
level system spanned by the ground state spin
states |0⟩ and |−1⟩, with a resonant MW drive
(δ = 0). The +πy-pulse is generated by a MW
field along the +ey direction (blue) and causes
one entire spin flip from the initialized state
|0⟩ into |−1⟩. Alternatively, a −πx/2-pulse ap-
plied along −ex (red) rotates |0⟩ into an equal
superposition state on the sphere equator.

Such π and π/2-pulses are the basic blocks for building spin-based quantum sensing
sequences. While in general, microwaves can do any arbitrary spin rotation, the se-
quences we employ in this thesis do only require π-pulses, π/2-pulses, and continuous
resonant microwave irradiation. We will introduce these sequences in sections 1.4 and
1.5. Before we get there though, we will have a look at how to experimentally measure
the spin rotations generated by Û(t), which is particularly important because these
measurements allows us to determine ΩR and thereby calibrate π and π/2-pulses.

1.3.3 Rabi Oscillations
Let us now discuss how we experimentally measure Rabi oscillations, i.e. how we ob-
serve the MW-driven spin dynamics we have mathematically described in the previous
sections. First, in any NV experiment, the spin is initially always prepared in the |0⟩
state by optical pumping, a process we have discussed in section 1.2.1. This means for
the two-level system spanned by {|0⟩ , |−1⟩}, a MW pulse following this initialization
will cause a rotation into the state Û(τ) |0⟩, where τ denotes the duration of the MW
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pulse at hand and Û(τ) is the time evolution operator defined in equation (1.15). At
the end of this MW pulse, the probability P|0⟩(τ) to find the system in |0⟩ is thus
given by

P|0⟩(τ) =
∣∣∣⟨0| Û(τ) |0⟩

∣∣∣2 = cos2
(

Ωτ
2

)
+ δ2

Ω2 sin2
(

Ωτ
2

)
, (1.19)

where Ω =
√

|ΩR|2 + δ2. On resonance, δ = 0, this equation simplifies to

P|0⟩(τ) = 1
2 + 1

2 cos
(
|ΩR|τ

)
. (1.20)

Next, remember that spin-dependent PL allows us to experimentally differentiate the
bright |0⟩ state from the darker |±1⟩ states, see section 1.2.1, meaning that the larger
the probability P|0⟩, the more photons are emitted by the system. Therefore, the
amount of detected PL is directly related to P|0⟩.
A measurement thus work as follows: First, we apply a 3 µs long green laser pulse
for spin initialization into the |0⟩ eigenstate, directly followed by a MW pulse of
variable length τ . Afterwards, the laser is immediately turned back on for 350 ns
during which we readout the NV PL. This sequence of pulses is illustrated in the top

0.8 0.9 1.11.0

(A) (B)Initialization Readout

Figure 1.10: Rabi oscillations measured on the electronic |0⟩ to |−1⟩ spin transition,
taken on NVA1 (see table A.6). (A) Normalized PL as a function of microwave detun-
ing δ and pulse duration τ , exhibiting clear Rabi oscillations, detected as PL modula-
tions. A sketch of the sequence employed to take these data is shown at the top. (B)
Line cuts of (A) at 0 and 4 MHz detuning. After assigning the optical contrast obtained
on MW resonance to the full spin transition, the PL can be linearly mapped to the
probability P|0⟩(τ). The data agree well with the prediction of equation (1.19) (black
line), for whose evaluation we used the fitted value of |ΩR| = (3.906 ± 0.004) MHz.
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of Figure 1.10 (A). The resulting PL as a function of τ is linearly related to P|0⟩ and
commonly called Rabi oscillation. Consequently, we call this kind of measurement a
Rabi experiment.
In Figure 1.10 (A) we show the PL resulting from such a Rabi experiment, as a
function of MW pulse duration τ and detuning δ, where δ = 0 corresponds to the
resonance with the |0⟩ to |−1⟩ transition. The PL data is normalized via division by
the largest obtained PL value. To demonstrate that these data are well described by
equation (1.19), we have a look at two particular line cuts, δ = 0 and 2π × 4 MHz.
Using least-squares fitting, we find that on resonance the oscillation frequency is
|ΩR| = (3.906±0.004) MHz with a contrast of about (0.21±0.03) in units of normalized
PL. Assigning this contrast to the full transition of |0⟩ to |−1⟩, we can map the
normalized PL to P|0⟩(τ) in a linear fashion, and can thus compare both line cuts to
equation (1.19). This comparison is shown in Figure 1.10 (B) where the black lines
are the theoretical predictions, demonstrating great agreement with the data.
Importantly, such Rabi experiments can be used to not only measure |ΩR|, but
also to calibrate π and π/2-pulses. To that end, one measures a Rabi oscillation on
resonance, and takes the duration τ required to reach the first local PL minimum as
the π-pulse duration. Half that duration corresponds to a π/2-pulse.

In conclusion, we have discussed how MW radiation can be used to perform arbitrary
spin state manipulation, and in particular we have defined π and π/2-pulses that will
be crucial building blocks for the quantum sensing sequences introduced in the next
two sections. In addition, we have demonstrated how to measure Rabi oscillations and
thereby experimentally calibrate π and π/2-pulses.

1.4 NV Magnetometry Schemes
While spin-based quantum sensors such as the NV center are capable of sensing a
multitude of different physical quantities, they naturally lend themselves to magne-
tometry applications, because these spin-sensors carry a magnetic moment that is
highly susceptible to magnetic fields. The NV center in diamond – due to its atomic
size, its room temperature compatibility, and its location in robust diamond host ma-
terial that can be nanofabricated – is especially suited for high-resolution nanoscale
magnetic sensing [96, 97], such as scanning probe magnetometry [27] and nanoscale
magnetic resonance imaging [98]. Most of these DC magnetometry applications rely
on either of two key protocols for magnetic field measurements: Optically detected
magnetic resonance (ODMR) and Ramsey free induction decay (FID). In this section,
we discuss these two techniques.

1.4.1 Optically Detected Magnetic Resonance
The simplest, most straight forward way to measure an externally applied longitudinal
magnetic field component Bz is to determine the ground state transition frequencies
of the electron spin levels. This is because a magnetic Bz component splits up the
|mS = ±1⟩ states by 2γNVBz (see section 1.1.2), and therefore the transition frequency
from |0⟩ into either of these states is given by ω± = Dgs

0 ± γNVBz.
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These transition frequencies ω± can experimentally be determined by continuously
applying both green laser light and a MW field to the NV center, as shown Fig-
ure 1.11 (A). This scheme is called continuous-wave (CW) optically detected mag-
netic resonance (ODMR). The laser continuously pumps the system into |0⟩, and
simultaneously causes the emission of spin-dependent PL. At the same time, the MW
field drives the spin transition from the bright |0⟩ state to either of the dark |±1⟩
states and thereby reduces the obtained PL intensity, but only if the MW is resonant
with the respective transition. Therefore, by sweeping the frequency of the MW and
monitoring the PL intensity, the transition frequencies can be probed.

MW
Laser

Init Read

(A)  CW ODMR

(B)  Pulsed ODMR

Figure 1.11: Optically detected magnetic reso-
nance experiments can be conducted in two dif-
ferent modes. (A) The continuous wave scheme
is comprised of a laser and microwave compo-
nent that are both active all the time. While
simple to implement, this scheme can lead to
power broadening of the resulting spectral lines.
(B) The pulsed approach decouples laser and mi-
crowave by playing only a π-pulse between ini-
tialization and readout, which drastically reduces
overall power broadening at the cost of some ex-
perimental complexity.

In Figure 1.12 (A), we present the PL spectrum from such a CW ODMR experiment,
taken on a single NV at a magnetic field of 80 G aligned with the NV symmetry axis.
The two dips in PL are attributed to the ω± transition frequencies, and their splitting
is given by 2γNVBz. Measuring the spectral position of these lines thus accounts to a
direct measure of the applied magnetic field Bz.
The line shape of the CW ODMR lines are Lorentzian, with a width that is intrin-
sically limited by the electron spin’s inhomogeneous dephasing time T ∗

2 [99] (see sec-
tion 1.5.2). However, most of the time, CW ODMR experiments exhibit much broader
lines, because both the laser and the MW drive can lead to significant power broad-
ening. To minimize this power broadening, one has to reduce both laser intensity and
MW power. Such a low power CW ODMR experiment is shown in Figure 1.12 (B),
recorded at magnetic field of Bz = 1.8 G. Here, the two electronic lines are narrow
enough to reveal the underlying 15N hyperfine structure, given by two lines each with
a splitting of Ags

∥ (the nuclear Zeeman effect is negligible for such low fields). Un-
fortunately though, applying such low MW powers also reduces the contrast of the
lines, while low optical intensity increases the photon shot-noise, overall leading to
significantly worse contrast and signal-to-noise ratio (SNR). For example, the data
shown in panel (A) was integrated for only about two minutes, while the experiment
in panel (B) ran for multiple hours.
In order to achieve the best of both worlds, that is ODMR with high contrast and
narrow linewidth, one can employ pulsed ODMR [100]. Here, instead of continuously
exposing the NV to both the laser and the MW field, the system is first pumped
by the laser to prepare it in |0⟩, followed by a MW π-pulse of variable frequency,
and finally a short laser pulse is played for PL readout. This sequence is illustrated in
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(A) (B)

Figure 1.12: Optically detected magnetic resonance (CW mode) on the electron
transitions |0⟩ ↔ |−1⟩ and |0⟩ ↔ |+1⟩. (A) Two dips in PL represent the resonance
with either of above transitions, here measured on NVA2 (see table A.6 for a list of
NVs) at an aligned magnetic field of |Bext| = 80 G. The splitting of the two features
is directly proportional to the longitudinal magnetic field component Bz. Lorentzian
fits are shown in black. (B) Employing low laser and MW power reduces power
broadening on the ODMR lines, such that the underlying 15N hyperfine structure of
the single NV at hand can be resolved, here measured on NVA1 at a small field of
Bz = 1.8 G. The slight asymmetry with respect to Dgs

0 = 2π× 2.87 GHz is attributed
to strain or stress in the diamond nanopillar.

Figure 1.11 (B). With this protocol, the laser is off during the MW spin manipulation,
such that the laser power broadening is fully eliminated. In addition, by choosing low
MW power for the π-pulse, the MW induced power broadening is minimized [100].
Figure 1.13 (A) shows a the PL spectrum of the |0⟩ ↔ |−1⟩ transition of a single NV
at an aligned field of 84 G, measured with each the CW and pulsed approach, with a
π-pulse length of 800 ns. While both approaches can resolve the hyperfine structure,
the data demonstrate how pulsed ODMR achieves significantly better contrast and
linewidths within a fraction of the measurement time.
At magnetic fields near the ESLAC, the nuclear spin is hyperpolarized (see sec-
tion 1.2.2). This can be verified with ODMR measurements, as shown in Fig-
ure 1.13 (B) where we repeat the same experiment as in panel (A), but at an aligned
magnetic field of 512 G. Only one hyperfine line with approximately twice the contrast
compared to panel (A) is detected, indicating that the entire nuclear spin population
has been accumulated in one nuclear spin state. Here, the pulsed ODMR is measured
with an even longer π-pulse compared to panel (A), namely 2400 ns, leading to a
super narrow pulsed ODMR line with a width of less than 350 kHz. However, this is
still ten times more than the intrinsic limit (πT ∗

2 )−1, where T ∗
2 ≈ 11.3 µs is NVA2’s

spin dephasing time (see section 1.5.2), which indicates that there is still a significant
amount of power broadening.
Figure 1.13 (B) highlights the advantages of operating the NV near the ESLAC. First,
there is only one hyperfine line, meaning that quantum sensing experiments can be
conducted on a single transition without any interference from off-resonantly driven
hyperfine transitions. Second, this hyperpolarized transition has an increased contrast
which leads to faster and more sensitive quantum sensing experiments.
Finally, we note that while we here introduced ODMR as a magnetometry scheme
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CW
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Figure 1.13: Comparison of CW ODMR to pulsed ODMR measurements, taken on
NVA2, see table A.6 for a list of NVs. (A) Zoom onto one electronic transition at an
aligned magnetic field of |Bext| = 84 G. Low power CW ODMR can resolve the 15N
hyperfine lines, however, such a low power measurement has low contrast and therefore
low SNR. Employing pulsed ODMR, here with a π-pulse length of 800 ns, drastically
reduces power broadening effects and thereby boosts the contrast and SNR. The black
line is a Lorentzian (Gaussian) fit of the CW (pulsed) data. (B) Same experiment as
in (A), but at a magnetic field near the ESLAC. Under these conditions, the nuclear
spin is hyperpolarized such that there is only one line in the ODMR spectrum with
approximately twice the contrast. Here, the pulsed ODMR is measured with an even
longer π-pulse compared to (A), 2400 ns, leading to a super narrow pulsed ODMR
line of less than 350 kHz.

for measuring the axial magnetic field component Bz, it can also be used to measure
the transverse field component B⊥, because the spin energy levels are shifted by such
transverse fields and thus the transition frequency is changing too. We utilize this in
the appendix A.6 where we determine the entire vector Bext for different tilt angles
of a goniometric magnet stage. Last but not least, we comment that strain or stress
in the diamond lattice [14], temperature [12] or electric fields [10] all affect the spin
energy levels, and can thus be detected by ODMR as well.

1.4.2 Ramsey Free Induction Decay
An alternative yet largely equivalent way to measure magnetic fields is to investigate
the quantum phase pick-up of a superposition state. On the Bloch sphere, without any
active MW field, a superposition state will rotate about the ez axis with an angular
frequency equal to the MW detuning δ (as is evident from the discussion presented
in section 1.3.2). This detuning can directly be related to a shift of the energy levels
due to a deviation of the applied magnetic field from the calibrated bias field, and
thereby enables DC magnetometry.
The pulse sequence that allows for the measurement of the described spin dynamics
is called the Ramsey free induction decay (FID) [99, 101]. A schematic of this se-
quence is shown in Figure 1.14 (A), with the corresponding Bloch sphere trajectory in
1.14 (B). First, the optically initialized state |0⟩ is rotated by a +πx/2-pulse into an
equal superposition state on the Bloch sphere’s equatorial plane. During a subsequent
free evolution of variable duration τ , the system accumulates a phase of φ = τ · δ.
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(A)  Ramsey Free Induction Decay (B)

NVA1

Figure 1.14: Ramsey free induction decay (A) Employed pulse sequence, comprised
of an initial +πx/2-pulse, a free evolution of variable duration τ , and a final πx/2-pulse
in either positive or negative direction. (B) Visualization of the corresponding Bloch
sphere dynamics. After the initial +πx/2-pulse the spin vector lies on the equatorial
plane. In the subsequent free evolution, it rotates about the ez axis with a frequency
given by the detuning δ. Finally, to readout the accumulated quantum phase, the spin
vector is rotated back onto the ez axis by either a positive (dark blue) or negative
(light blue) πx/2-pulse. (C) Example Ramsey FID measurement taken on NVA1 at
an aligned magnetic field of 533 G. We plot the difference of PL obtained from the two
different π/2 readout pulses, and assign it to the probability P|0⟩. Least-Square fitting
reveals a frequency of fFID = (811.2 ± 0.7) kHz which corresponds to the detuning δ
of the MW drive.

Afterwards, for optical readout, the spin state is projected back onto the ez axis with
either a positive or negative πx/2-pulse. We then calculate the PL difference of the
two readout projections, and map this PL difference onto the probability P|0⟩.
Exemplary single NV Ramsey FID data are shown in Figure 1.14 (C). They were
taken on a single hyperpolarized ODMR line near the ESLAC at an aligned magnetic
field of 533 G. We fit an oscillation frequency of fFID = (811.2 ± 0.7) kHz, indicating
a magnetic offset of ∆Bz = 2πfFID/γNV ≈ (289.7 ± 0.3) mG.
Finally, we point out that the oscillation presented in Figure 1.14 (C) exhibits a de-
caying Gaussian envelope with a characteristic decay constant denoted by T ∗

2 , in this
case fitted to (7.403 ± 0.003) µs. This decay stems from interaction with the noisy
environment. The characterization of this environment, as well as the art of dynam-
ically decoupling the spin from it, is a large field of quantum research and the focus
of the next section, where we discuss various different noise spectroscopy approaches.

1.5 Noise Spectroscopy
In the context of spin-based quantum sensing, noise spectroscopy describes the study
of the spin’s environment based on measurements of the lifetime of spin population and
quantum phase. Both these quantities have finite lifetimes that are limited by the noisy
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environment that solid-state spins like the NV center are constantly exposed to. In the
specific case of the NV, such environmental noise sources can be phonons or other spins
in the diamond lattice, fluctuations in amplitude or frequency of applied magnetic
fields, and especially for shallow NVs surface-bound spins and magnetic materials
on the diamond surface. All these different kind of noise sources in the environment
affect the spin in different ways and thus lead to different kinds of spin deterioration,
specifically either a loss of spin population (= relaxation) and/or a randomization
of the spin state’s quantum phase (= dephasing). Therefore, by measuring how fast
specific properties of the NV spin are altered, one can characterize the NV center’s
noise environment.
The challenge in such noise spectroscopy is to tell different noise sources of the en-
vironment apart from each other. One solution for this is so-called dynamical decou-
pling [36, 37], where specific MW pulse sequences are employed to manipulate the
spin in a way that alters its response to the environment, effectively filtering what
kind of noise is still perceived by the spin [38]. Depending on what pulse sequence
is played, it is possible to either decouple the spin entirely from particular noise fre-
quencies, or to tune it especially receptive to a target noise frequency. While the
former is typically used to increase the spin coherence time in sensing applications to
boost sensitivity [39,40], the latter is very useful for frequency selective spectroscopy
of the environment [41, 42] and in particular for nuclear magnetic resonance (NMR)
experiments [43–45].
For shallow NVs, while there are relevant non-magnetic noise sources like electric
fluctuations [102], the most important noise contribution is the magnetic environ-
ment [41,42,103], typically originating from spins in the lattice or most importantly,
paramagnetic impurities on the surface. Mathematically, these magnetic fluctuations
are described by the magnetic noise spectral density, which – according to the Wiener-
Khinchin theorem – is equal to the Fourier transformation of the autocorrelation func-
tion G(τ) of the corresponding magnetic noise field [104,105]. For the environmental
spin baths considered in this thesis (i.e. statistically polarized nuclei for nanoscale
NMR) the key dephasing mechanism is molecular diffusion of spins in and out of the
NV sensing volume, which leads to a decay of the bath’s autocorrelation function that
is typically considered to be exponential [51,103–106]. Therefore, we describe the au-
tocorrelation function G(τ) with an exponential decay of characteristic time scale τc,
called the autocorrelation time. Fourier transformation then yields the magnetic noise
spectral density

Sk(ω) = B2
rms,k

τc

1 + ω2τ2
c

, (1.21)

where B2
rms,k is the root mean square magnetic noise amplitude along unit vector

ek with k ∈ {x, y, z}. Alternatively, B2
rms,k can be identified as the variance of the

magnetic field fluctuations along ek. Equation (1.21) states that the noise spectrum
in each coordinate direction is a Lorentzian distribution around zero, with a FWHM
of 2/τc (sometimes called random telegraph noise). Note that there are different con-
ventions for the normalization of Sk(ω); we are here using the definition from [104].
A sketch of Sk(ω) is shown in Figure 1.15.
In the following, we will introduce five different pulse sequences that can be used for
relaxometry or noise spectroscopy. For each of these five sequences, we will define
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Figure 1.15: The magnetic noise spectral Sk(ω) is
a Lorentzian distribution centered at zero, with a
width of 2/τc. For spin baths surrounding the NV
center, the correlation time τc is typically on the or-
der of a few microseconds for electronic spins, up to
milliseconds for nuclear spins, such that the corre-
sponding width is expected to be narrow compared
to the NV resonance frequency w0 of a few GHz.

the characteristic NV spin decay time, discuss what kind of noise they tune the NV
spin sensitive to, and in particular, we investigate what spectral components of the
magnetic noise spectral density Sk(ω) are the dominant magnetic noise contributions
for the given pulse sequence. An overview of these results in shown at the end of the
chapter in table 1.2.

1.5.1 Spin-Lattice Relaxation
The first sequence we investigate is the simplest sequence possible: Doing nothing to
the spin at all. To be specific, after preparing the spin in state |0⟩ with the laser,
the system is left to evolve freely for a duration τ , after which the spin state is
optically read out. This sequence essentially measures how eigenstate |0⟩ is behaving
under unprotected exposure to the noisy environment. In order to conduct the same
measurement on the other eigenstate of the two-level system at hand, |−1⟩, one can
insert a π-pulse before the free evolution. These two pulse sequences are depicted
schematically in Figure 1.16 (A).
During the free evolution τ , the prepared eigenstate is only sensitive to noise that can
transfer spin population between the two eigenstates; and the presence of such noise
leads to a decay of the eigenstate into a thermally mixed state with a characteristic
time scale called T1. This T1 decay takes the functional form of a simple exponential
decay ∝ exp(−τ/T1), which can be derived with spin temperature considerations [104]
or ab initio calculations [107]. Furthermore, to study the exact dependency of the
exponential T1 relaxation on the noise spectral density Sk(ω), one can employ the
Redfield theory of relaxation [104,105,108]. As we show in detail in the appendix A.4,
the Redfield theory reveals that the noise spectral density Sk(ω) and the resulting T1
decay time are related by the expression [104]

1
T1

= γ2
NV

(
Sx(ω0) + Sy(ω0)

)
. (1.22)

Equation (1.22) demonstrates that the magnetic contribution to T1 is generated by
magnetic fluctuations transverse to the NV quantization axis with a frequency that
is resonant with the spin transition ω0. This also follows trivially from the results of
section 1.3 where we have shown that the necessary Hamiltonian to perform a spin
flip is given by just such a resonant AC transverse magnetic field. Importantly, at
room temperature the magnetic noise components at frequency ω0 are predominantly
generated by phonons in the diamond lattice. Consequently, T1 exhibits a strong
temperature dependence [109]. Depending on the given temperature, but also the
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purity of the diamond and the NV depth, NV T1 times can vary from a few hundreds
of microseconds up to minutes [110]. Note that due to this strong dependence on the
phononic environment, T1 is often called the spin-lattice relaxation time.
At room temperature, thermal excitation and phonon-mediated spin relaxation are
competing against each other. This means that T1 relaxation transfers the spin into
a thermal equilibrium state that is usually close to the equal 50:50 mixture, i.e. the
Bloch sphere origin. The Bloch sphere trajectory of such spin-lattice relaxation at
room temperature is illustrated in Figure 1.16 (B). At cryogenic temperatures in the
mK regime, however, thermal excitation is ineffective since kBT ≪ ℏDgs

0 , such that
the thermal equilibrium is shifted close to |0⟩.
An example of a T1 measurement is shown in Figure 1.16 (C), taken on NVA2 (see
table A.6 for a list of NVs), where we measure the PL as a function of τ with each of the
two sequences in Figure 1.16 (A), subsequently take the difference of the two PL curves
and assign it to the probability P|0⟩. The data show a clear exponential decay, to which
we fit T1 = (590 ± 64) µs. This is a typical value for shallow NVs in diamond sample
A (see appendix A.2 for a description of our diamond samples). NVA1 is another
shallow NV in this diamond, for which we have determined T1 = (298 ± 11) µs. For
deeper NVs in diamond A, such as NVA3 and NVA4, however, we find much longer
T1 times of more than two milliseconds.

(C)

(A)  Spin-Lattice Relaxation (B)
Init Read
Init Read

NVA2

Figure 1.16: Spin-Lattice Relaxation (A) The T1 spin-lattice relaxation time is
measured by a pulse sequence that is simply a free evolution combined with the usual
optical initialization and readout. To take T1 on the |−1⟩ state, a π-pulse can be added.
(B) Corresponding Bloch sphere trajectory for either of the sequences shown in (A).
At room temperature, the spin decays along the ez axis towards a thermal equilibrium
state close to the Bloch sphere origin. (C) Example T1 measurement, taken on NVA2,
a shallow single NV in a diamond nanopillar. The measured PL of both sequences
from (A) is subtracted from each other and mapped onto the probability P|0⟩. The
black line is a single exponential fit yielding T1 = (590 ± 64) µs.
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1.5.2 Ramsey Free Induction Decay (Again)
In addition to the longitudinal relaxation of the spin population due to T1 processes,
there is also decay of the transverse spin component. Since this component is given
by the phase of the quantum state, people commonly refer to such transverse decay
processes as dephasing. One way to measure such spin dephasing is to employ the
Ramsey FID sequence [99,101], shown in Figure 1.17 (A), that we have previously in-
troduced in section 1.4.2 as a magnetometry tool. However, it also serves as a simple
measure of dephasing, since the superposition state prepared by the initial π/2-pulse
acquires a phase of τ ·δ during the free evolution τ , meaning that any noise on the de-
tuning δ leads to a slightly different accumulated phase in each experiment repetition.
This “fanning out” of spins corresponding to separate experiment runs is illustrated
in Figure 1.17 (B). Ultimately, when averaging over many of such experimental runs,
one observes a decay of the spin vector length, demonstrating the loss of phase infor-
mation due to noise on the detuning. The corresponding decay time is called the T ∗

2
coherence time.
The noise on the detuning that causes a T ∗

2 decay is mainly originating from magnetic
fluctuations that introduce fluctuations of the energy of the spin levels, such as noise
on the magnetic bias field, the interaction of the NV spin with other spins in the lattice
such as 13C nuclei, or surface-bound magnetic impurities. Apart from such magnetic
noise sources, there are various other things that could in principle also affect the spin
energy levels and thus contribute to T ∗

2 , such as fluctuations in the electric, mechanical
or phononic environment, however, we here focus on just the magnetic environment.

(C)

(A)  Ramsey Free Induction Decay (B)
Init Read

NVA3

Figure 1.17: Ramsey free induction decay (A) Pulse sequence employed to measure
the T ∗

2 dephasing time. (B) The corresponding Bloch sphere trajectory for different
experimental runs at an average detuning of zero. Due to magnetic fluctuations, the
detuning is different in each experiment repetition, as indicated by the different spin
vectors. On average, this leads to a loss of phase information (solid blue), combined
with a net rotation for a non-zero average detuning (dashed blue). (C) Example T ∗

2
measurement, taken on NVA3 at an aligned field of 507 G, a deep single NV, where
the PL difference from either readout projection pulse is assigned to P|0⟩. Fitting a
cosine function with a Gaussian decay envelope yields T ∗

2 = (35.5 ± 0.7) µs.
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We can once more evoke the Redfield relaxation theory to relate T ∗
2 to the magnetic

noise spectral density Sk(ω), resulting in [104]

1
T ∗

2
= γ2

NV Sz(0) + 1
2γ

2
NV

(
Sx(ω0) + Sy(ω0)

)
(1.23)

= γ2
NV Sz(0) + 1

2T1
.

A detailed derivation of this expression is presented in the appendix A.4.2. This
equation implies three important things. First, any relaxation of the spin population
does always also cause some degree of dephasing, as is evident by the appearance of
T1 in the expression for T ∗

2 . Second, this means that T ∗
2 is always shorter than 2T1.

Third, any excess dephasing rate exceeding 1/(2T1) stems from magnetic noise at zero
frequency. Notably, this is exactly where the noise spectral density Sz(ω) is maximal,
meaning that the Ramsey FID sequence is sensitive to the spectral window where the
most noise is expected to be present. In this sense, because it decouples the NV spin
from everything but the main noise peak, one could consider the Ramsey FID the
least effective noise filter possible.
Another approach to describing T ∗

2 dephasing is to treat the Ramsey FID as a dy-
namical decoupling filter problem [3,38], wherein the employed sequence is described
by a filter function F (ω) that filters the longitudinal noise spectral density Sz(ω) to
obtain the spin coherence C(τ) as a function of sequence length τ , given by

C(τ) = exp
(

− 2
π

∫ ∞

0
Sz(ω)F (ω)dω

)
. (1.24)

For the Ramsey FID, one can derive the filter function [3, 38,111]

FFID(ω) = 1
ω2 sin2

(ωτ
2

)
. (1.25)

Note that [111] has an additional factor of 2 in the definition of their filter function
that needs to be removed to match the convention of [3] and [38] that we are using
in this thesis.
Equation (1.25) describes how sensitive the spin is to noise at the frequency ω un-
der the Ramsey FID sequence. The sequence thus acts like a sinc-filter, centered at
zero and with a low-pass cut-off of roughly π/τ , meaning that predominantly zero
frequency noise is allowed to affect the spin under the Ramsey sequence. The filter
function formalism is therefore in agreement with the Redfield result from above, how-
ever, FFID(ω) has higher harmonic peaks at non-zero frequencies and thus accurately
describes the pick-up of higher frequency noise; physics that the Redfield approach is
not describing. On the other hand, the filter formalism considers only magnetic fluc-
tuations in ez direction and can therefore not account for the 1/(2T1) contribution of
transverse noise at frequency ω0 which the Redfield theory is very much capable of
describing.
Figure 1.17 (C) shows a T ∗

2 measurement, and we fit a Gaussian decay to find a
dephasing time of T ∗

2 = (35.5 ± 0.7) µs. Such a Gaussian envelope ∝ exp
[
−(τ/T ∗

2 )2]
is to be expected for Ramsey FID in the presence of a Lorentzian noise source, which
can be derived by evaluating (1.24) with the expressions from (1.21) and (1.25). The
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T ∗
2 time of a few tens of microseconds observed here is pretty representative for what

we usually measure on deep single NVs in diamond A, such as NVA3 and NVA4.
Shallow NVs in the same diamond, such as NVA1 and NVA2, show T ∗

2 times of only
up to ten microseconds (see table A.6), demonstrating the significant influence that
surface proximity has on the resulting T ∗

2 time.

1.5.3 Spin-Echo
To improve the dephasing time T ∗

2 obtained via Ramsey FID, one can employ the
so-called Spin-Echo sequence [112, 113]. It is constructed by inserting a π-pulse into
the Ramsey sequence, such that the free evolution time is split into two equal parts of
duration τ each, as shown in Figure 1.18 (A). This additional π-pulse effectively inverts
the sign of the phase accumulation during the second evolution time. Consequently,
there is no phase randomization as long as the noise-induced detuning is constant
throughout the entire sequence.
In the Bloch sphere picture, as shown in Figure 1.18 (B), this can be well illustrated
by considering the spin trajectories of individual experiment repetitions. As we have
discussed in the context of Ramsey FID, the spin vectors corresponding to differ-
ent experiment runs are “fanning out” during the first evolution period. After being
flipped by the π-pulse, they continue to rotate with the same individual angular veloc-
ities, leading to a refocussing of all vectors by the end of the second free evolution. On
taking the average over all experiment repetitions, one finds zero dephasing at the end

(C)

(A)  Spin-Echo Sequence (B)
Init Read

NVA3

Figure 1.18: Spin-Echo relaxation (A) Pulse sequence employed to measure the
T echo

2 decoherence time. (B) The corresponding Bloch sphere trajectory for different
experimental runs at δ = 0. The π-pulse in between the two equal free evolution peri-
ods inverts the phase accumulation for the second period, causing the spin trajectories
of separate experiment repetitions to refocus, effectively eliminating of phase random-
ization due to low-frequency magnetic noise. (C) Example T echo

2 measurement, taken
on NVA3 at an aligned field of 507 G, a deep single NV, where the PL difference from
either readout projection pulse is assigned to P|0⟩. Fitting a decay proportional to
exp
[
−(τ/T echo

2 )3] yields the spin coherence time T echo
2 = (674 ± 6) µs.
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of the sequence, because the average spin vector length has perfectly converged back
to one. However, this is only true if the detuning δ is constant throughout each indi-
vidual experiment repetition, e.g. if there is only zero-frequency noise present. High
frequency noise leads to fluctuations in δ throughout the sequence and thus breaks
the perfect refocussing by the end of the sequence. This means that measuring P|0⟩ as
a function of τ still yields a coherence decay, although a much slower one compared
to the Ramsey sequence’s T ∗

2 . We denote this homogeneous decoherence time under
the Spin-Echo sequence as T echo

2 .
Depending on the depth of the NV center at hand, and the purity of the surrounding
diamond material, the T echo

2 time can reach up to 2 ms [21]. In our case, we use
diamond sample A that is isotopically purified, and as shown in Figure 1.18 (C), we
find T echo

2 = (674 ± 6) µs for NVA3. This is clearly longer than the T ∗
2 time of about

35 µs we have measured on the same NV, see Figure 1.17 (C).
To compare T2 and T ∗

2 more quantitatively, we once more employ the filter function
formalism. The Spin-Echo sequence is described by the filter function [111]

Fecho(ω) = 4
ω2 sin4

(ωτ
2

)
, (1.26)

which is exactly zero at ω = 0, demonstrating that Spin-Echo does indeed perfectly
decouple from zero frequency noise. At the same time, Fecho(ω) has a maximum at
approximately ω ≈ ±π/τ , highlighting that depending on the choice of τ , there is
a frequency component that is picked up especially well. Importantly, evaluation of
equation (1.24) with the Lorentzian noise spectral density (1.21) and the filter function
(1.26) yields a coherence decay that goes with exp

[
−(τ/T echo

2 )3], which is what we
used to fit the data from Figure 1.17 (C).

Ramsey
Spin-Echo

Figure 1.19: Filter functions of the Ram-
sey FID and Spin-Echo sequences, each plot-
ted for τ = 1 µs. While the Ramsey function
acts like a zero-frequency bandpass filter, the
Spin-Echo sequence is efficiently filtering out
the zero-frequency noise components and is in-
stead most sensitive to frequencies at roughly
ω ≈ ±π/τ , with a bandwidth ∼ π/τ .

In conclusion, Spin-Echo is a simple technique that elevates the coherence time of the
Ramsey FID to significant longer times. As such, it is particularly useful for pulsed
quantum sensing applications where the sensitivity relies crucially on long coherence
times. Furthermore, while Spin-Echo decouples the spin from zero-frequency noise,
it simultaneously maximizes the spin sensitivity to noise at approximately ±π/τ ,
meaning that by varying τ , the Spin-Echo sequence can in principle be used for
frequency selective spectroscopy of the noise environment. However, the width of the
probed spectral window does also scale inversely proportional with τ , leading to poor
frequency selectivity especially in the high-frequency regime.
In the remainder of this section, we will discuss two more sequences that are both
not only exhibiting even longer coherence times, but that are also capable of prob-
ing the noise spectral density in a spectral window whose position and width are
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independent of each other, allowing for sharp noise filtering at arbitrary frequencies.
With these sequences, high-resolution noise spectroscopy, and in particular nuclear
magnetic resonance experiments can be realized.

1.5.4 XY8-k Multipulse Sequence
A common approach to further improving the coherence time of the Spin-Echo se-
quence is to build multipulse sequences, where many Spin-Echo blocks of the form
(τ/2) − (π) − (τ/2) are concatenated into a long pulse train of N π-pulses separated
by a free spacing of τ . This is the so-called Carr-Purcell-Meibom-Gill (CPMG) se-
quence [3, 36, 114], the simplest multipulse sequence. And while it provides superior
low-frequency noise decoupling compared to the Spin-Echo, as well as better noise
spectroscopy properties, it has two very clear weaknesses: First, it only decouples
from magnetic noise along the spin symmetry axis, and not from transverse fluctua-
tions. Second, the CPMG sequence is highly susceptible to errors on the π-pulses. For
example, using a π-pulse just slightly too long in a CPMG consisting of hundreds of
these pulses leads to drastic pulse error accumulation.
Remedy to these two issues is offered by the XY-type sequences [115] where instead
of N identical π-pulses, one concatenates pulses that are 90◦ phase shifted relative
to each other. For example, the so-called XY8-k sequence consists of eight π-pulses
with a symmetric phase cycle. These eight pulses form one XY8-block, that is then
repeated k times. This particular sequence is illustrated in Figure 1.20 (A). Due to the
way the phase is alternated between pulses, the sequence is dynamically correcting

(C)

NVA2

Init Read

(A)  XY8-k Sequence

(B)

Figure 1.20: The multipulse XY8-k sequence (A) Schematic illustration of the XY8-
k sequence. (B) Normalized plot of the corresponding filter function, plotted for an
inter-pulse spacing of 250 ns, once for XY8-1 and XY8-8. The resulting filter function
has a main peak at f = (2τ)−1 and a width that scales inversely with k. Higher
harmonic peaks live at odd multiples of f . (C) Example T xy

2 measurement, taken on
NVA2 at 308 G with τ = 456 ns (corresponding to f = 1.1 MHz). The black line is a
single exponential fit (α = 1) yielding T xy

2 = (106 ± 9) µs.
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small errors in the spin flip angle induced by the π-pulses (i.e. errors in the pulse
frequency, amplitude or phase), and in addition XY8-k is decoupling from magnetic
fluctuations along any axis, thus solving both of the common issues with CPMG while
inheriting its advantages [116,117].
The spin decoherence under the XY8-k sequence occurs on a timescale denoted by
T xy

2 . We measure T xy
2 on NVA2 at 308 G by monitoring the PL as a function of k

while keeping τ constant at 456 ns. The result is shown in Figure 1.20 (C), and by
fitting a single exponential decay we infer that T xy

2 = (106 ± 9) µs (we justify this
choice of fitting function further below). This value is very long compared to this
NV’s T echo

2 time of only a few tens of microseconds. For NVs that are located in the
same diamond but that are less shallow than NVA2, we find T xy

2 times of up to a few
milliseconds, see table 1.2.
Let us now investigate the decoupling mechanism of the XY8-k sequence a bit more
rigorously. To that end, we once more use the filter function formalism. It turns out
that XY8-k filter function is identical to that of a CPMG sequence with N = 8k
pulses [3, 51], and yields [111]

Fxy(ω) = 4
ω2 sin2

(
8k · ωτ2

)
sin4

(ωτ
4

)
cos−2

(ωτ
2

)
. (1.27)

This filter function is plotted in Figure 1.20 (B) for a π-pulse spacing of τ = 250 ns
and for k equal to either one or eight. Let us point out a few critical things about
this filter function: First, there is a global maximum at the frequency ω = ±π/τ ,
respectively at f = ±1/(2τ), indicating that the sequence is tuning the spin sensitive
to a noise frequency defined by the π-pulse spacing τ . Consequently, by choosing an
appropriate τ , one can probe the noise spectral density at any arbitrary position. On
the other hand, for very small values of τ , the main peak of Fxy(ω) is shifted to high
frequencies, meaning that in this case, XY8-k is an excellent filter for decoupling from
low-frequency noise. Second, the width of the peaks in Fxy(ω) scale with the inverse of
the total sequence length. This total sequence length can be set independently of τ by
tuning k, and therefore one can achieve a narrow noise filter at any given frequency – a
key prerequisite for noise spectroscopy applications that is not possible in Spin-Echo.
Third, the filter function of such a multipulse sequence is always a periodic function,
and as such it exhibits secondary peaks at higher harmonic frequencies. In the case of
XY8-k, these harmonic peaks are located at odd multiples of the main peak, namely
at 3f , 5f , 7f etc.
One can use the XY8-k filter function, as dictated by equation (1.24), to com-
pute the spin decoherence as a function of total sequence duration ttot. Specifi-
cally, for generalized noise with S(ω) ∝ ω−β where 0 < β ≤ 2, it has been shown
that the XY8-k filter function from equation (1.27) leads to a coherence decay of
C(ttot) ∝ exp

(
− [ttot/T

xy
2 ]α

)
, where T xy

2 ∝ (8k)β/α and α = (β + 1) [118]. Con-
sequently, depending on the noise, XY8-k shows a different form of decoherence as
characterized by the exponent α. Specifically, in the case of a Lorentzian noise spectral
density Sk(ω) as given by equation (1.21), the ω−2 tail typically dominates the deco-
herence under dynamical decoupling, such that α ≈ 3. In our experiments, however,
we deal with a special case wherein the total amount of π-pulses is not kept constant,
because we sweep ttot by tuning k at a fixed value of τ . For such a scenario, above
theory predicts a single exponential decay (α = 1) independent of β, respectively
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of the noise environment. This can be derived by substitution of ttot = 8kτ , which
results in C(8kτ) ∝ exp(−8kτ/T xy

2 ) with T xy
2 ∝ τ−β . This theoretical prediction is

consistent with our experimental data, because as shown in Figure 1.20 (C), fitting
such a single exponential yields great agreement with the observed PL decay.
Note that equation (1.27) is only valid under the assumption of perfectly sharp π-
pulses. In any real-world implementation of the XY8-k sequence, however, the π-pulses
have a non-zero length. One consequence of such non-zero pulses is that they intro-
duce additional harmonic peaks in the filter function, due to a phase accumulation
stemming from spin rotations during the π-pulse [119]. For the XY8-k sequence, these
additional harmonics are fractions either smaller ( 1

2f and 1
4f) or larger ( 3

2f , 5
2f , etc.

and 5
4f , 7

4f , etc) than the main frequency f . In the context of non-zero π-pulses, we
further remark that τ is defined from pulse center to pulse center, meaning that the
sequence breaks down when the pulses assume a length comparable to τ .
A famous use-case of the XY8-k sequence is nuclear magnetic resonance (NMR) [43–
45], where the sequence is deployed with fixed k and variable τ to probe the noise
spectral density and thereby detect the magnetic signal of Larmor precessing nuclear
spins located nearby the NV center. This way, one can identify what nuclear species
are present on the diamond surface [46, 120], and for known nuclear targets, one can
infer the NV depth from the coupling strength [51]. In this thesis, we will perform
such NMR experiments based on XY8-k and compare them to Spin-Lock NMR in
chapter 4, and ultimately use both for single NV depth determination in chapter 5.

1.5.5 Spin-Locking
So far, we have had an extensive discussion on Ramsey FID, Spin-Echo and XY8-k,
that are all ultimately based on the manipulation of a superposition state’s phase
accumulation. Now, we introduce spin-locking [3, 104] that is a very different relax-
ometry approach much more similar to the T1 spin-lattice relaxation in that its core
mechanism is an energy relaxation instead of a phase acquisition process.
The key idea behind spin-locking is to bring the spin system into a superposition
state with a +πx/2-pulse and then apply a resonant continuous MW field whose
phase matches the superposition state’s phase. On the Bloch sphere in the rotating
frame, this means that the field and the spin vector are aligned along the ey axis,
as depicted in Figure 1.21 (B). Such an aligned and resonant field has two important
effects on the spin: First, it prevents the spin state from accumulating any phase,
effectively locking it along the field vector, hence the name spin-locking. Second, the
microwave field defines a new quantization axis in the rotating frame, which results
in new eigenstates, i.e. the dressed states |±⟩. On the Bloch sphere, these dressed
states point along the MW field vector, and they are split in energy by ℏΩR (see
section 1.3.1), where ΩR denotes the Rabi frequency of the spin-locking MW field.
Therefore, in the rotating frame, the phase-locked state is in fact just the eigenstate
|+⟩, and its decay is given by an energy relaxation process, and not a dephasing
process. We call the characteristic timescale of this decay the rotating frame relaxation
time T1ρ.
In Figure 1.21 (A), there is a sketch of the entire Spin-Lock sequence, including a
final ±πx/2-pulse for projection on the ez axis for optical spin readout, and in Fig-
ure 1.21 (C), we show an exemplary measurement of T1ρ. This measurement was
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conducted on the shallow NVA2 at a magnetic field of 308 G with a Rabi frequency
of ΩR = 1.1 MHz. The resulting spin decay data are fitted with a single exponential
function yielding T1ρ = (115 ± 10) µs (we will justify this functional form of spin re-
laxation under Spin-Lock below). Note how this value is very similar to the T xy

2 time
we have obtained on the same NV at the same noise frequency, see Figure 1.20 (C),
indicating that these sequences exhibit comparable noise sensitivity. We will compare
these two sequences, and especially their sensitivity in NMR-type experiments, in
more detail in chapter 4. Finally, we note that we obtain T1ρ times of up to a few
milliseconds on deeper NVs, see table 1.2.
Analogous to the T1 relaxation process, the magnetic noise that predominantly con-
tributes to the T1ρ relaxation are fluctuations resonant with the spin transition fre-
quency. The crucial difference is that while for T1 processes the relevant transition
frequency has a magnitude of a few GHz, for the dressed states in a spin-lock scheme
it is given by the Rabi frequency ΩR of the spin-locking field – a frequency that is typ-
ically in the MHz regime. Therefore, by experimentally controlling ΩR, the spin can
be tuned sensitive to specific MHz noise frequencies [121,122]. This means that in the
context of dynamical decoupling and noise spectroscopy, the spin-locking approach is
a promising alternative to the aforementioned phase accumulation based schemes. In
this thesis specifically, we will use the Spin-Lock sequence for NMR-type experiments.
Note that the underlying idea of Spin-Lock NMR, that is tuning the dressed state
energy splitting to the frequency of a nuclear spin precession, was originally proposed

(C)

(A)  Spin-Lock Sequence (B)
Init Read

NVA2

Figure 1.21: Spin-Locking (A) The Spin-Lock sequence is identical to the Ramsey
FID, but instead of a free evolution between the π/2-pulses, there is a resonant MW
field with a 90◦ phase-shift relative to the π/2-pulses. (B) On the Bloch sphere, the
spin-locking field is aligned with the spin vector after the initial π/2-pulse, leading to
an effective locking of the spin onto the field. Due to the field, there is a new eigenbasis
given by the dressed states |±1⟩ that point along the MW field. The resulting energy
relaxation along this new quantization axis is the rotating frame relaxation time
T1ρ. (C) Example T1ρ measurement, taken on NVA3 at an aligned field of 308 G
and ΩR = 1.1 MHz, where the PL difference from either readout projection pulse is
assigned to P|0⟩. Fitting a single eponential decay (black) yields T1ρ = (106 ± 9) µs.
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by Hartmann and Hahn [123], and for this reason this mechanism is often referred to
as Hartmann-Hahn resonance.
To illustrate the physics of spin-locked T1ρ relaxation in a more quantitative way, we
use the Redfield theory to derive a proper expression for the T1ρ relaxation time (see
the appendix A.4.3 for the full derivation). In the limit of weak driving ΩR ≪ ω0, as
is the case in our experiments, we find

1
T1ρ

= γ2
NV Sz(ΩR) + 1

2γ
2
NV

(
Sx(ω0) + Sy(ω0)

)
(1.28)

= γ2
NV Sz(ΩR) + 1

2T1
,

where ω0 is the splitting of the undriven eigenstates. Similar expressions are reported
by [3, 103, 121, 124]. The result highlights the dependence of T1ρ on magnetic noise
at the frequency ΩR. Interestingly, it is exactly the same expression as we have seen
earlier for T ∗

2 in equation (1.23), but instead of the Sz(0) term we here obtain Sz(ΩR).
This makes sense because in the limit of ΩR → 0, the Spin-Lock sequence becomes
a Ramsey FID. In the limit of infinitely strong driving where Sk(ΩR) → 0, the first
term vanishes and thus T1ρ is limited by 2T1. Conversely, for weak driving (as is the
case in our experiments) and for a Lorentzian magnetic noise spectral density as given
by equation (1.21), the first term in equation (1.28) is the dominant contribution to
T1ρ, resulting in T1ρ times that are smaller than T1. A comparison of typical decoher-
ence time values for shallow and deep NVs in our diamond sample A is presented in
table 1.2.
Finally, we point out that the fact that the underlying spin decay process in T1ρ

relaxation is the same as in T1 relaxation, i.e. a population decay along the respective
quantization axis caused by transverse noise at the respective spin transition
frequency, is why both of these relaxation processes are expected to show the same
functional spin decay in the form of an single exponential decay. Indeed, we find that
such a single exponential function ∝ exp(−τ/T1ρ) yields great agreement with our
Spin-Lock data, as shown in Figure 1.21 (C). For this reason, within this thesis, we
always fit such exponential decays to extract T1ρ times.

Let us close this section with a remark that will later motivate the research presented
in chapter 4. At first glance, the Spin-Lock sequence seems to be capable of performing

T ∗
2 T echo

2 T xy
2 T1ρ T1

Main Magn. Noise Contribution ω = 0 ω ≈ π
τ ω = π

τ ω = ΩR ω = ω0

Typical Value (Shallow NV) 10 µs 50 µs 100 µs 100 µs 500 µs
Typical Value (Deep NV) 30 µs 600 µs 1-5 ms 1-5 ms >1 ms

Table 1.2: List of different spin decay times, each with the magnetic noise frequency w
that is the dominant contribution to the underlying dephasing respectively relaxation
process, and with typical values that we observe on diamond A, for shallow NVs such
as NVA1 and NVA2, and for deep NVs such as NVA3 and NVA4.



Basics of NV Quantum Sensing 40

the same sensing experiments as the XY8-k sequence, all while being much simpler
to implement. In addition, the Spin-Lock sequence appears to be sensitive to a single
magnetic noise frequency, while the XY8-k sequence has many higher harmonic peaks
in its filter function. For NMR experiments, these harmonics can lead to issues if
there are multiple nuclear species present in the environment, especially when their
gyromagnetic ratios are multiples of each other as it is the case for 1H and 13C
nuclear spins. Given these nominal advantages of Spin-Lock over XY8-k, the question
at hand is therefore how the sensitivity of these sequences compares, and to what
extent spin-locking is actually better suited for NMR spectroscopy compared to XY8-
k. We address these questions in chapter 4.



CHAPTER 2

All-Optical Nuclear Quantum Sensing

This chapter is based on the following published work:

B. Bürgler, T.F. Sjolander, O. Brinza, A. Tallaire, J. Achard and P. Maletinsky
All-Optical Nuclear Quantum Sensing using Nitrogen-Vacancy Centers in Diamond

npj Quantum Information 9, 56 (2023)

Spin-based quantum sensing with the NV center, using either the electronic or nu-
clear nitrogen spin, can be realized in many different ways. Almost all established
approaches to NV sensing, however, are based the same two key ingredients: The
optical properties of the NV for spin initialization and readout (see section 1.2), and
AC magnetic fields for coherent spin control (see section 1.3).
This ubiquitous need for AC coherent driving in spin-based quantum sensing is a
severe limitation for many applications. Specifically, such AC driving fields can ad-
versely affect investigated samples (for example heat them up), and for integrated
or portable sensing devices, the AC field delivery can drastically increase power-
consumption and overall complexity, resulting in larger and more expensive systems.
Therefore, finding good NV sensing protocols that operate without any AC magnetic
fields is highly interesting in the context of sensing application development. Recent
experiments have demonstrated microwave-free NV magnetometry schemes that are
based on sharp changes in NV PL at level anti-crossings, which occur at specific mag-
netic fields [125, 126]. However, while these approaches avoid the need for microwave
or radio-frequency fields, they do not exploit quantum coherence and are therefore
limited in sensitivity, and additionally, they are highly vulnerable to background drifts
in the emitted NV PL.
In this chapter, we present a method for coherent, microwave-free quantum sensing
using the 15N nuclear spin of the NV center in diamond. Our approach is based on
optical driving of the NV center near the ESLAC in the presence of a tiny static
magnetic field component B⊥ transverse to the NV symmetry axis. As we will show
in section 2.1 below, such a small transverse magnetic field component has a striking
effect, in that optical pumping prepares the 15N nuclear spin in a coherent superposi-

https://www.nature.com/articles/s41534-023-00724-6
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tion state within the NV’s ground state electronic spin manifold mS = 0. To use the
nomenclature introduced in chapter 1, the system is brought into a superposition of
|0,+1/2⟩ and |0,−1/2⟩. This is very different to optical pumping at B⊥ = 0 which
results in an initialization of the system into the pure eigenstate |0,+1/2⟩ (see sec-
tion 1.2.2). Following optical pumping, the laser is turned off, and the nuclear spin
starts to Larmor precess about an effective magnetic field; a field we will rigorously
derive in section 2.1.1. In that sense, our scheme is a nuclear free induction (FID)
experiment, and the spin dynamics can be completely encompassed by a reduced
subspace spanned by {|0,−1/2⟩ , |+1/2⟩}. Finally, the nuclear precession is measured
all-optically by monitoring the ESLAC-mediated nuclear spin state dependent PL
(see section 1.2.2). The entire measurement protocol does not require any AC driving
fields, but only green laser pulses, as illustrated in Figure 2.1 (A).
In Figure 2.1 (B), we present an example of such an all-optical nuclear free induction
(FID) measurement, obtained using the pulse sequence depicted in Figure 2.1 (A).
These data were recorded on our home-built confocal optical microscope with mag-
netic field control (see section A.1); here at a magnetic field of strength |Bext| = 540 G,
tilted by ϕ = 1◦ away from the NV symmetry axis. The resulting precession fre-
quency is fitted with a sine function, yielding fnuc = (251.18 ± 0.12) kHz. This fre-
quency is significantly different from the 15N Larmor frequency at the given field,
fL = γN15|Bext| = 233.14 kHz.
In order to understand this discrepancy, and to thereby prove that the observed
oscillation is nonetheless attributed to a nuclear precession of the 15N spin, we study
the underlying spin dynamics in section 2.1, where we derive an effective Hamiltonian
of the subspace spanned by {|0,−1/2⟩ , |+1/2⟩}. From this Hamiltonian we deduce an
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Figure 2.1: All-Optical nuclear spin precession of the 15N nuclear spin. (A) Em-
ployed pulse sequence, consisting of a 3 µs green laser pulse separated by a varibale
delay τ . The first 350 ns of each green pulse are utilized for optical nuclear spin
readout, while the remainder of the pulse reinitializes the spin system for the next ex-
periment repetition. (B) Example nuclear precession data measured by the all-optical
schemes shown in (A), taken at a magnetic field of |Bext| = 540 G tilted away from
the NV symmetry axis by ϕ = 1◦. Fitting a harmonically oscillation function (black)
yields a precession frequency of (251.18 ± 0.12) kHz.



All-Optical Nuclear Quantum Sensing 43

analytic expression for the expected precession frequency fnuc, which is key to realizing
quantitative magnetometry or gyroscopy applications. In addition, we introduce a
numerical model that describes the entire NV system under optical pumping in an
arbitrary external magnetic field. Using this model, we can not only simulate the FID
precession dynamics observed in our experiments, but we can also make a statement
about the initialized nuclear state under optical pumping.
In section 2.2, we present more all-optically measured nuclear precession data, and
explore how the observed precession depends on experimental parameters such as for
example the amplitude and angle of Bext. Crucially, this allows us to identify the ideal
working point of our scheme that maximizes the optical precession contrast. Then,
in section 2.3 we extend our studies from the single NV case to an entire ensemble
of NVs, demonstrating that our all-optical FID sensing scheme is compatible with
large nuclear spin ensembles. Finally, in section 2.4, we conclude the chapter with a
discussion on the sensitivity of our proposed sensing scheme to address the question
how competitive it would be for envisioned quantum sensing applications.

2.1 Theoretical Description

2.1.1 Effective Nuclear Hamiltonian

To derive an effective Hamiltonian for the 15N spin in the electronic mS = 0 ground
state manifold, we employ Van Vleck perturbation theory [127, 128]. This theory is
applicable to any Hamiltonian that can be written in the form Ĥ = Ĥ0 + V̂ , where
Ĥ0 is block diagonal, with each block attributed to one subspace of Ĥ0, and where V̂
is a weak perturbation that couples the initially uncoupled subspaces of Ĥ0. In other
words, the Hamiltonian Ĥ describes a system that is made up of multiple individual
subsystems (Ĥ0), and the energy difference between states from different subsystems
is much larger than the coupling between them (V̂ ). For such a Hamiltonian Ĥ, the
Van Vleck perturbation allows us to calculate the effective Hamiltonian Ĥα

eff for each
individual subspace α. Following the notation in [127], to second order, the matrix
elements of these effective Hamiltonians are

⟨i| Ĥα
eff |j⟩ = ⟨α, i| Ĥ0 + V̂ |α, j⟩ + C2 , (2.1)

where

C2 =
∑

k,β ̸=α

(
⟨α, i| V̂ |β, k⟩⟨β, k| V̂ |α, j⟩

2 (Eα,i − Eβ,k) + ⟨α, i| V̂ |β, k⟩⟨β, k| V̂ |α, j⟩
2 (Eα,k − Eβ,k)

)
(2.2)

is the second order correction term. Here, |α, i⟩ are the eigenstates of the unperturbed
Hamiltonian Ĥ0 with eigenenergies Eα,i. The Greek indices (α,β) denote the different
subspaces, and Latin indices (i, j, k) count over the states within a given subspace.
Equations (2.1) and (2.2) are only valid for weakly coupled subspaces, that is if the
energy difference between states from different subspaces is much larger than the
coupling between them, e.g. if |Eα,i − Eβ,j | ≫ ⟨α, i| V̂ |β, j⟩.
The NV center’s ground state Hamiltonian Ĥgs

N15 from equation (1.4) is such a block
diagonal Hamiltonian, where the electronic manifolds are identified as the three weakly
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coupled subspaces. We can bring the Ĥgs
N15 into the required form Ĥgs

0 + V̂ gs by
assigning

Ĥgs
0 = Dgs,es

0 Ŝ2
z + γNVBz · Ŝz + γN15Bz · Îz (2.3)

V̂ gs = Ags,es
∥ Ŝz Îz +Ags,es

⊥

(
ŜxÎx + Ŝy Îy

)
+ γNVB⊥ · Ŝx + γN15B⊥ · Îx (2.4)

where without loss of generality we defined the direction of the transverse magnetic
field as the x-direction, such that By = 0 and B⊥ = Bx. It is evident from (2.3) and
(2.4) that Ĥgs

N15 fulfils the weak coupling prerequisite, because at an external field of
|Bext| ≈ 500 G, the ground state electronic manifolds are split by Ĥgs

0 by a few GHz,
and the interaction V̂ gs couples them with comparably small coupling coefficients in
the MHz regime.
We can now evaluate equation (2.1) for Hamiltonian Ĥgs

N15 = Ĥgs
0 +V̂ gs, where we solve

for the subspace corresponding to mS = 0. This results in the effective Hamiltonian
ĤmS=0

eff with the diagonal matrix elements

⟨0,±1/2| ĤmS=0
eff |0,±1/2⟩ = ±ℏγN15Bz

2 (2.5)

+ ℏ(Ags
⊥ )2

Ags
∥ − 2Dgs

0 ± 2γN15Bz ∓ 2γNVBz

+ 4ℏγ2
NVB

2
⊥D

gs
0

(Ags
∥ − 2Dgs

0 ± 2γNVBz)(Ags
∥ + 2Dgs

0 ± 2γNVBz) ,

and the off-diagonal elements

⟨0,±1/2| ĤmS=0
eff |0,∓1/2⟩ = ℏγN15B⊥

2 (2.6)

+ ℏγNVB⊥A
gs
⊥/2

Ags
∥ − 2Dgs

0 + 2γNVBz
+ ℏγNVB⊥A

gs
⊥/2

Ags
∥ − 2Dgs

0 − 2γNVBz

+ ℏγNVB⊥A
gs
⊥/2

Ags
∥ − 2Dgs

0 + 2γNVBz − 2γN15Bz
+ ℏγNVB⊥A

gs
⊥/2

Ags
∥ − 2Dgs

0 − 2γNVBz + 2γN15Bz
.

Next, we simplify these two expressions by using the approximations (γNV ± γN15) ≈
γNV and (Ags

∥ ± 2Dgs
0 ) ≈ ±2Dgs

0 , which are justified by the one respectively three or-
ders of magnitude of difference between these terms. Subsequently, in order to place
the resulting energy levels symmetrically around zero, we introduce an energy shift of
1
2
(
Dgs

0 (Ags
⊥ )2 + 2Dgs

0 (γNVB⊥)2) / ((Dgs
0 )2 − (γNVBz)2). This leads to the final expres-

sion for the effective nuclear Hamiltonian, given in the basis {|0,+1/2⟩ , |0,−1/2⟩},
reading

ĤmS=0
eff = ℏ

2

(
γN15Bz + νz γN15B⊥ + ν⊥

γN15B⊥ + ν⊥ −γN15Bz − νz

)
, (2.7)

where

νz = γNVBz(Ags
⊥ )2

(Dgs
0 )2 − (γNVBz)2 (2.8)
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denotes the correction to the diagonal elements caused by mixing between states of
different mS , and

ν⊥ = −2 γNVB⊥A
gs
⊥D

gs
0

(Dgs
0 )2 − (γNVBz)2 (2.9)

is the corresponding correction to the off-diagonal elements. Note that these expres-
sions for νz and ν⊥ are diverging for Dgs

0 = γNVBz, e.g. near the GSLAC. This is
because the Van Vleck formalism is not applicable to that regime since the corre-
sponding electronic subspaces of H0 are not sufficiently spaced in energy once this
condition is approached. In our experiments, we work far away from the GSLAC and
thereby avoid this problematic region.
We note that such an effective hyperfine Hamiltonian for 15N-based NV’s has been
discussed earlier as a perturbation in Ags

⊥ [30], or as a perturbation in B⊥ in the limit
Bz ≪ Dgs

0 [112], but never as a perturbation in both simultaneously as we present
it here. Additionally, exact analytic expressions for ν⊥ have previously been derived
in [129]. The main benefit of our expression for ν⊥ is that we can see very directly that
the transverse magnetic field is amplified by Ags

⊥ such that for a very small tilt angle
of the magnetic field we get a very large correction ν⊥ and thus a large off-diagonal
term in equation (2.7).
Next, we will discuss the effective magnetic field that represents ĤmS=0

eff . To that end,
we rewrite equation (2.7) in terms of the nuclear spin operators Îk, and find

ĤmS=0
eff = ℏ (γN15Bz + νz) Îz + ℏ (γN15B⊥ + ν⊥) Îx := ℏγN15 Beff · Î , (2.10)

where we introduced the effective magnetic field

Beff =

B⊥ + (ν⊥/γN15)
0

Bz + (νz/γN15)

 (2.11)

experienced by the nuclear spin within the mS = 0 manifold. This effective magnetic
field represents the quantization axis of the nuclear spin within |mS = 0⟩, and there-
fore describes the axis about which the nuclear spin precesses. Simply put, equation
(2.11) states that Beff is equal to Bext plus the correction terms given by νz and ν⊥.
Note that Beff is zero in ey direction, which stems from the fact that we assumed
an external field Bext with Bx = B⊥ and By = 0. In general, Beff lies in the plane
spanned by Bext and ez. Within this plane, Beff is tilted away from the NV symmetry
axis ez by an angle of

ϑ = tan−1
(
B⊥ + (ν⊥/γN15)
Bz + (νz/γN15)

)
. (2.12)

Importantly, this implies that Beff is aligned with neither the NV symmetry axis which
points along ez, nor with Bext which is tilted away from ez by ϕ = tan−1 (B⊥/Bz).
And interestingly, ϑ has a sign opposite to ϕ due to the negative sign of γN15. This is
shown in a quantitatively accurate fashion in Figure 2.2, for a magnetic tilt angle of
ϕ = 1◦. In the special case of an aligned magnetic field, B⊥ = 0, equation (2.9) yields
ν⊥ = 0, which in turns causes ϑ = ϕ = 0, such that the fields Beff and Bext are both
perfectly collinear with ez.
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Any nuclear spin state not aligned with Beff will start to precess about Beff . The
resulting precession frequency (in units of Hz) is given by

fnuc = γN15|Beff |
2π = 1

2πℏ

√
(γN15Bz + νz)2 + (γN15B⊥ + ν⊥)2

. (2.13)

Importantly, this precession frequency is strictly larger than the bare Larmor
frequency fL = γN15|Bext|/(2π). This increase of the precession frequency is once
more due to the correction terms νz and ν⊥. Interestingly, even for B⊥ = 0, νz is still
non-zero and therefore leads to an enhanced precession frequency.

To summarize, if there is an external magnetic field Bext tilted away from ez by ϕ,
the nuclear spin in the mS = 0 manifold experiences an effective magnetic field Beff
that is tilted away from ez in the opposite direction by an angle ϑ ≫ ϕ. The resulting
precession about Beff exhibits a precession frequency fnuc that is larger than the bare
Larmor frequency that one would expect from precession about Bext.

2.1.2 Origin of All-Optically Induced Nuclear Spin Precession
Based on the analytic results of the previous section, we now discuss how the presence
of a small B⊥ affects the 15N nuclear spin dynamics under green laser illumination,
and thereby enables all-optical nuclear FID experiments with the sequence shown in
Figure 2.1 (A). For this, we will carry on from the Van Vleck perturbation theory
framework and continue to approximate the entire coupled and multidimensional
electron nuclear spin system as an effective two-level system comprised of |0,±1/2⟩,
and thus use the Bloch sphere representation to visualize the corresponding dynamics.
To begin, let us remember that in order to initialize and detect a nuclear spin pre-
cession in an all-optical fashion, two key ingredients are required: First, on the Bloch
sphere of the effective two-level system, the state into which the nuclear spin is initial-
ized must not be collinear with Beff . Otherwise, no spin precession occurs in the first
place. This is equivalent with demanding that the initialized state’s density matrix
must not commute with ĤmS=0

eff . Second, the axis along which the spin state is opti-
cally detected must also not be collinear with Beff , because otherwise the precession
would not lead to a modulation of the spin projection onto the measurement axis. It
is however perfectly fine if initialization and readout axis are the same (as it will be
in our case). In the following, we will develop arguments based on the analytic results
from the previous section to explain why in the presence of B⊥ and green light, these
two key conditions are fulfilled. This way, we ultimately explain the all-optical FID
data shown in Figure 2.1 (B) with the analytic effective Hamiltonian derived in the
previous section.
To identify the nuclear spin state resulting from optical pumping, we first note that
such optical pumping accumulates the electron spin population in the mS = 0 eigen-
state. For B⊥ = 0, as discussed in section 1.2.2, this is just the |0,+1/2⟩ state. For
non-zero B⊥, when B⊥ and Aes

⊥ mix the spin states, population is accumulated in the
new eigenstate with the largest mS = 0 character, i.e. the excited state eigenstate |ψ⟩
for which ⟨ψ| Ŝz |ψ⟩ is closest to zero, because this state has the lowest probability
of decaying into the NV’s singlet state (see section 1.2.1). We denote this state as
|ψes

0 ⟩. Importantly, |ψes
0 ⟩ is not just the state the system is initialized into, it is also
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the “brightest” excited state eigenstate because it has the largest relative probability
of decaying to the ground state by emitting a photon.
After turning off the green laser, relaxation to the ground state happens either directly
by emitting a red photon – a process that is highly spin-conserving – or the system
decays through the singlet states, which is highly unlikely for |ψes

0 ⟩ due to its large
mS = 0 character. Consequently, assuming that no inter-system crossing affects the
|mS = 0⟩ population, the system ends up entirely relaxed to the ground state, with
the spin state still perfectly in |ψes

0 ⟩. We actually show in section 2.1.4 that simulating
the system with a zero inter-system crossing rate for mS = 0 leads to a state that
is perfectly aligned with the Bloch sphere representation of |ψes

0 ⟩, and the numeric
result will only deviate significantly from it if the inter-system crossing for |mS = 0⟩
is allowed.
For the state |ψes

0 ⟩, the expectation value of the nuclear spin lies along a vector that
we define as

einit := ⟨ψes
0 | Î |ψes

0 ⟩ /ℏ . (2.14)

This unit vector einit defines both the Bloch sphere direction along which the nuclear
spin is initialized under green illumination, as well as the measurement axis for optical
readout of the nuclear spin.
Let us now evaluate einit for the case of B⊥ = 0. As discussed previously in sec-
tion 1.2.2, one finds |ψes

0 ⟩ = |0,+1/2⟩, and therefore in this case, einit = ez. Also, it
is clear from equations (2.8), (2.9) and (2.11) that in the case of B⊥ = 0, the effec-
tive magnetic field Beff is aligned with ez. Therefore, for an external magnetic field
aligned with the NV axis, the optically initialized state and Beff are collinear, such
that no nuclear precession occurs.

Figure 2.2: Quantitative Bloch-Sphere
representation of the 15N spin in the
|mS = 0⟩ ground state manifold, for a
magnetic field |Bext| = 540 G tilted away
from the NV symmetry axis by ϕ = 1◦.
Optical pumping initializes the nuclear
spin into ρ̂init. After optical pumping, the
nuclear spin precesses freely around an ef-
fective magnetic field Beff tilted in the op-
posite direction of Bext by an angle ϑ ≫ ϕ.
The measurement axis for all-optical read-
out of this precession is given by einit.

For an external magnetic field slightly tilted away from ez, however, the situation is
very different. As can be seen from equations (2.7) and (2.9), such a non-zero B⊥ gives
rise to a non-zero transverse correction term ν⊥ in the effective nuclear Hamiltonian.
This ν⊥ leads to increased mixing of the nuclear spin, and thereby to different nuclear
eigenstates, which in turn results in a significantly different |ψes

0 ⟩, that is no longer
equal to |0,+1/2⟩. In consequence, for B⊥ ̸= 0, the nuclear spin is initialized along
an axis einit that is no longer aligned with the NV symmetry axis ez. And as shown
in the previous section, neither is Beff . Importantly, explicit calculation of einit and
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Beff shows that for increasing B⊥, these two vectors tilt away from ez in opposite
directions. An example for this is shown in Figure 2.2, where the external magnetic
field is |Bext| = 540 G, tilted away from the NV symmetry axis by ϕ = 1◦. This
corresponds to the experimental conditions from Figure 2.1 (B). In this case, einit
and Beff are in fact almost perpendicular, giving rise to a precession with a large
opening cone which results in a large optical contrast. Since einit represents both
the initialization and readout axis, both key conditions for all-optical nuclear spin
precession are fulfilled, enabling this all-optical nuclear precession experiment.
Importantly, we note all these physics only work for NV centers formed with 15N. For
14N-based NVs, the non-zero quadrupolar splitting locks Beff and einit onto the NV
axis, meaning that the initialized nuclear state is collinear Beff ; a scenario in which
no nuclear precession occurs. This can be seen by performing the derivation from
section 2.1.1 for an NV center formed by 14N, which results in

ĤmS=0
eff = ℏ (γN14Bz + νz) Ĵz + ℏ (γN14B⊥ + ν⊥) Ĵx (2.15)

+ ℏ
(
Q+ D0(Ags

⊥ )2

(Dgs
0 )2 − (γNVBz)2

)
Ĵ2

z ,

where νz and ν⊥ are the same as in equations (2.8) and (2.9), and the nuclear spin
operators Ĵk are given as defined by equation (1.6). This effective Hamiltonian is
essentially the same as for an 15N NV, see equation (2.10), but with an additional
third term that includes the non-zero quadrupolar moment Q. Written in matrix
representation, this effective Hamiltonian yields

ĤmS=0
eff = ℏ


+γN14Bz + ν+ +Q γN14B⊥+ν⊥√

2 0
γN14B⊥+ν⊥√

2 0 γN14B⊥+ν⊥√
2

0 γN14B⊥+ν⊥√
2 −γN14Bz + ν− +Q

 , (2.16)

where ν± = (Ags
⊥ )2/(D0 ∓ γNVBz). In this representation, it is clear to see that Q

is the dominant contribution, because Q = 2π × (−4.945) MHz [31, 81], while all the
other terms in this matrix are less than 2π × 160 kHz at Bz ≈ 500 G. Therefore, the
non-zero quadrupolar moment Q of the 15N spin fixes the effective field Beff onto the
NV symmetry axis ez.
Finally, we emphasize that all the spin physics discussed in this chapter are only
possible in vicinity of the ESLAC (or GSLAC). Moving too far away from 500 G
(or 1000 G) eliminates the hyperfine coupling in the excited (ground) state, without
which the nuclear spin has no optical contrast for readout. In addition, without said
hyperfine coupling, optical pumping does not affect the nuclear spin state, leaving it
in a classical mixture of |±1/2⟩ which cannot precess.

2.1.3 Numeric Simulation in Liouvillian Space
To further validate the theory from the perturbative description via Van Vleck theory,
and in particular to provide a quantitative theoretical approach to describing the
nuclear spin contrast, we now develop a purely numerical model that simulates the
dynamics of the 15N NV system during and after optical pumping, at any arbitrary
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external magnetic field Bext. To numerically calculate the trajectory of both the
electron and nuclear spin under optical pumping on the NV center, it is necessary to
consider not only classical rate equation to describe the transitions between the orbital
states [25], but to also incorporate the quantum mechanical evolution of the spins
within each orbital state via their respective quantum master equation. To achieve
this, we build our numerical simulation in Liouvillian space, an approach previously
taken to model the effect of chemical reaction kinetics on NMR spectra [130]. In
comparison to the discussion in the previous section, that was based on result from a
second order perturbative (and therefore approximate) Van Vleck calculation, and on
the educated guess that green laser light pumps into |ψes

0 ⟩, this numerical approach is
not requiring such significant approximations or assumptions. As we will show below,
we still obtain fantastic agreement with the analytical results.
We model the room temperature NV− center as a system made up of three distinct
electronic states: The ground state (gs), the excited state (es), and a metastable
singlet state (s). As discussed in section 1.1.1, it is safe to neglect the distinct orbital
branches in the excited state as they are efficiently averaged at room temperature.
In addition, we assume that there is only one singlet state, a simplification that is
justified because the two singlets are identical in terms of spin degrees of freedom, as
there are no electronic degrees of freedom within them, and the transition through
them singlets is nuclear spin-conserving. Finally, note that we neglect laser induced
ionization to the NV0 state.

We start to build our model by considering a separate spin density operator ρ̂α for
each orbital states α ∈ {es, gs, s}. This density operator evolves coherently per the
Von Neumann equation of motion under the Hamiltonian Ĥα

N15. However, we aim to
work in Liouville space, where a (n × n) density operator is vectorized and thereby
represented as a (n2 × 1) vector. In consequence, (n × n) unitary operators such
as the Hamiltonian need to be elevated to so-called superoperators that are (n2 ×
n2) dimensional. In this Liouville space, the Von Neumann equation becomes the
Liouville-Von Neumann equation, which reads

d
dt ρ̂α = ˆ̂Lαρ̂α with ˆ̂Lα := −i

(
Hα

N15 ⊗ Iα − Iα ⊗ (Hα
N15)T

)
(2.17)

where ˆ̂Lα is the superoperator that represents the commutation with the Hamiltonian
Hα

N15. Here, carets denote operators (represented by column vectors), double carets
denote superoperators (represented by matrices), Iα is the identity matrix of the
same dimensionality as Hα

N15, and T denotes matrix transposition (without complex
conjugation). The Hamiltonian Hα

N15 for α ∈ {es, gs} is given by equation (1.4), and
for the singlet state, it yields

Hs
N15 = ℏγN15Bext · I , (2.18)

where I is the regular space nuclear 15N spin operator as previously defined in equa-
tion (1.7). Note that to avoid confusion, we have removed the carets on all regular
space operators (Hα

N15, I, and Iα) in equations (2.17) and (2.18).
To incorporate the incoherent optical pumping process, we now couple the three
independent quantum mechanical master equations from equation (2.17). To that end,
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we introduce additional (real valued) superoperators that act to reduce or increase the
population of a given spin state, and thus take the role of spin-selective excitation and
relaxation superoperators. With them, we can describe all of the optical transitions
discussed in section 1.2 that are taking place between the three orbitals. The resulting
coupled differential equations read

d
dt ρ̂gs = ˆ̂Lgsρ̂gs − kgreenρ̂gs + kredρ̂es + k1

B(ˆ̂S⊗
+1 + ˆ̂S⊗

−1)ρ̂s + k0
B

ˆ̂S⊗
0 ρ̂s (2.19)

d
dt ρ̂s = ˆ̂Lsρ̂s − (2k1

B + k0
B)ρ̂s + k1

A
ˆ̂T e( ˆ̂P 1 + ˆ̂P−1)ρ̂es + k0

A
ˆ̂T e ˆ̂P 0ρ̂es

d
dt ρ̂es = ˆ̂Lesρ̂es + kgreenρ̂gs − kredρ̂es − k1

A( ˆ̂P+1 + ˆ̂P−1)ρ̂es − k0
A

ˆ̂P 0ρ̂es .

Here, kgreen is the excitation rate from the ground state into the excited state due
to laser illumination. Similarly, kred is the relaxation back to the ground state, the
process responsible for red PL. These two processes are not spin-selective, and the
shelved population is therefore directly given by the terms kgreenρ̂gs and kredρ̂es.
The optical transitions through the singlet states, however, are spin-selective, meaning
that additional superoperators are required. P±1,0 are projection superoperators that
project ρ̂α onto the NV-electron spin state with mS ∈ {±1, 0} while leaving the
dimensionality of ρ̂α unchanged. This superoperator ensures that the rate of inter
system crossing out of the excited state depends on the instantaneous spin state
population of ρ̂es. The corresponding transition rate is given by k0

A for |mS = 0⟩, or
k1

A for |mS = ±1⟩.
Next, T e is a partial trace superoperator that acts on a (36×36) joint electron/nuclear
density matrix and traces out the NV-electron degrees of freedom, leaving a (4 × 4)
density operator corresponding only to the 15N subsystem. This operator is required
to remove the electron degrees of freedom upon an inter-system crossing into the
singlet state.
Finally, S⊗

0,±1 is a direct product superoperator that reintroduces electron spin degrees
of freedom for the transition from the singlet into the ground state. This superoperator
acts on a (4×4) 15N density operator and turns it into a joint electron/nuclear density
operator with the NV-electron in the state mS ∈ {0,±1}. The superoperator is used
for the relaxation from the singlet to the ground state, with a transition rate of k0

B

for decay into |mS = 0⟩, and k1
B for decay into |mS = ±1⟩.

Note that because their effect changes dimensionality of ρ̂α, the matrix representations
of T e and S⊗

0,±1 are not square. We give procedures for generating these matrix
representations in the appendix in section A.5. Finally, note that the precise values for
the different transition rates have been subject to considerable debate. In table 2.1,
we present the relevant values from different sources.
By concatenating the vectors ρ̂gs, ρ̂es and ρ̂s into a single (76×1) vector ρ̂, the entirety
of (2.19) can conveniently be cast into matrix form

d
dt ρ̂(t) = d

dt

ρ̂gs
ρ̂s
ρ̂es

 = ˆ̂M

ρ̂gs
ρ̂s
ρ̂es

 , (2.20)

where ˆ̂M is a (76 × 76) dimensional matrix that commutes with itself for all values
of time t. Therefore, it can easily be integrated and thus the time evolution of the
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Parameter Parameter Parameter Parameter Parameter
Set 1 Set 2 Set 3 Set 4 Set 5

kred 63.2 62.70 67.4 66 77
k0

A 10.8 12.97 9.9 0 0
k1

A 60.7 80.00 96.6 57 30
k0

B 0.8 3.45 4.83 1.0 3.3
k1

B 0.4 1.08 1.055 0.7 0
Ref. [25] [89] [90] [91] [92]

Table 2.1: Numeric values for of the optical transition rates in our model, given in
units of MHz. We consider five different parameter sets. Best agreement with our data
is obtained with set 1.

system can be computed by

ρ̂(t) = exp
(

2π ˆ̂Mt
)
ρ̂(0) . (2.21)

Note that because of how we formed ρ̂(t) by concatenation it cannot represent co-
herences between different orbital states, however such coherences are unlikely to be
significant due to the off-resonant laser drive, and they are not necessary to explain
the physics of interest in this work. We also note that since we use identity super-
operators to represent the radiative processes, spin-spin coherences will be preserved
under optical excitation and radiative decay within this model.
The ability to write classically coupled quantum systems of different dimensionality
in such a simple linear matrix equation like equation (2.20) with a straight forward
solution like (2.21) is the key advantage of rolling out the entire description in the Li-
ouville space. Numerically, (2.21) is simple to solve, drastically reducing computation
time and code complexity compared to other approaches.
At any given time t, the first 36 entries of ρ̂(t) correspond to ρ̂gs(t) written in vector
form, the next 4 entries are ρ̂s(t) and the last 36 are ρ̂es(t). We take the predicted
instantaneous PL for ρ̂(t) as the fractional population in the excited electronic state,
namely

PL(t) = Trace{ρ̂es(t)} , (2.22)

which is the quantity we ultimately simulate to compare with experimental data.

2.1.4 Comparison of Theoretical Approaches
To compare the results of the analytic description presented in section 2.1.1 and
the numeric model presented in section 2.1.3, we look at what these two approaches
predict for both the initialized nuclear state and the effective field (respectively the
quantization axis) that the initialized spin state precesses about.
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Initialized State

We first look back at Figure 2.2 and point out that Beff (dark blue arrow) and
einit (green arrow) were calculated as given by the analytical approach, see equations
(2.14) and (2.11). The shown initialized nuclear spin state ρ̂init (red arrow), however,
has been derived from the numeric model. To be specific, ρ̂init has been obtained by
propagating the system density matrix ρ̂(t) for 3 µs under green illumination at the
given magnetic field, followed by a 50 ns dark time to let the system fully relax to the
ground state, and by subsequently taking the trace over the NV electron degrees of
freedom. The resulting nuclear spin state’s direction on the Bloch sphere is showing
extraordinary agreement with the initialization axis einit given by equation (2.14),
demonstrating that the different theoretical approaches agree well with each other.
Note that this perfect overlap of ρ̂init and einit is only given as long as k0

A = 0, e.g. if
there is zero probability for mS = 0 population to transition into the singlet states.
Otherwise, the initialized state directly after the optical pumping is altered during the
first few moments of dark time, because excited state |mS = 0⟩ population is allowed
to transition through the singlets and thereby turn into |mS = ±1⟩ population – a
process that was not considered in the derivation of einit.
In the case of ρ̂init as shown in Figure 2.2, we were using the optical parameter set 1
from table 2.1, but for aesthetic reasons fixed k0

A = 0. In truth, ρ̂init deviates slightly
from einit. This is shown in Figure 2.3 (A), where we plot ρ̂init for the precise numbers
of all five parameter sets listed in table 2.1.

Analytic
Numeric
Simulation

(B)

Set
1

5

3
4

2

(A)

Figure 2.3: Comparison of results from the two different theoretical approaches. (A)
Initialized nuclear state for ϕ = 1◦ as determined by the numerical model, for each of
the parameter sets listed in table 2.1. For models 4 and 5 that have k0

A = 0, we find
the best agreement with the analytical prediction for einit as given by equation (2.14).
(B) Tilt angle ϑ of Beff as a function of the tilt angle ϕ of Bext, calculated in three
different ways, showcasing the excellent agreement of our theoretical approaches. The
black line shows the analytic result from equation (2.12), green crosses are the result
from numerical diagonalization of the full ground state Hamiltonian, and red dots
represent the geometrically determined precession axis of the numerically simulated
trajectory of ρ̂(t).
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Precession Axis

There are three different ways to theoretically predict the axis about which the initial-
ized state precesses. For each of these ways, we compute the angle ϑ of the precession
axis with respect to ez and compare the results.
First, the effective magnetic field Beff resulting from the perturbation treatment is
tilted away from the ez axis by ϑ as described by equation (2.12). Second, one can com-
pute Beff with a purely numerical approach by numerically diagonalizing the entire
ground state Hamiltonian Ĥgs

15N from equation (1.4), and by subsequently identifying
the eigenvector |ψ⟩ with the largest |mS = 0,mI = +1/2⟩ character. The direction of
|ψ⟩ in the Bloch sphere of the |0,±1/2⟩ subsystem defines the precession axis, and
hence the angle ϑ is given by ϑ = arccos(ez ·⟨ψ| Î |ψ⟩ /ℏ). Finally, ϑ can be inferred ge-
ometrically from the trajectory of ρ̂(t) as computed by the numerical model presented
in the previous section. To that end, ρ̂(t) is plotted as a three dimensional curve in
the Bloch sphere, and the center of mass of this precession trajectory, together with
the sphere origin, defines the precession axis.
In Figure 2.3 (B) we show the tilt angle ϑ of the precession axis (respectively Beff) as a
function of the tilt angle ϕ of the externally applied magnetic field Bext, as predicted
by the three different described approaches to finding ϑ. We find excellent agreement,
verifying that the approximations made in the perturbation theory treatment are
valid for small angles ϕ, and we once more demonstrate that for small ϕ ≤ 2.5◦ we
obtain significantly larger ϑ of up to 40◦.

2.2 Analysis of All-Optical Precession Data
After developing a well rounded theory framework in the last section, we now present
experimental data provided by our all-optical nuclear precession scheme. We will ex-
plore how the key properties of the optically detected nuclear spin precession – namely
amplitude and frequency – depend on different experimental settings, and we will com-
pare the experimental data with the predictions of our theoretical description. The
ultimate goal of this study is to understand the parameter space of our experiment,
and to work out ideal conditions for envisioned sensing applications based on our
all-optical measurement scheme.
Before we start discussing data, let us point out that all data were recorded on a home-
built confocal microscope, that was used to focus a green laser on the sample and to
simultaneously collect the emitted red PL. A static magnetic field was applied using
a permanent neodymium disk magnet, mounted on a linear translation stage to tune
the magnetic field strength at the NV location. For precise magnetic field alignment
near the ESLAC, the magnet is additionally mounted on a goniometric stage with sub
millidegree angular accuracy. Finally, the laser and photon-detectors were gated with
pulses which were created and synchronized using a high-frequency signal generator,
which also served as a source for microwave pulses used for the characterization of
the magnetic field via ODMR experiments. A much more detailed description of the
experiment setup is provided in the appendix in section A.1.
All data shown in this chapter (unless explicitly stated otherwise) were measured with
NVA1, that is located in a nanopillar of diamond A. See the appendix A.2 for more
details on the diamond samples, and table A.6 for a list of NVs. Finally, note that
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for the data presented in this section, we always optically excite NVA1 near optical
saturation, which for our setup corresponds to a laser power of about 50 µW.

2.2.1 Frequency of the Observed Nuclear Precession
We start with studying the frequency of the nuclear precession we measure. The
measured FID frequency is a key quantity in the development of quantum sensing
applications based on our protocol, because envisioned magnetometry or gyroscopy
techniques would crucially depend on measuring this frequency. Therefore, verifying
that our theory framework accurately describes the observed frequency is of great
importance.
First, we study the frequency observed in the precession that we have shown in Fig-
ure 2.1 (B) in the beginning of the chapter. The black line in the plot is a sine func-
tion fit, determined by least-squares fitting, yielding a fitted precession frequency
of fnuc = (251.18 ± 0.12) kHz. Here and elsewhere in this chapter, the given er-
rors are the standard errors of the coefficients in the respective non-linear regression
fits. The fit result is in good agreement with what equation (2.13) predicts, namely
fnuc = 252.71 kHz for the experimental conditions |Bext| = 540 G and B⊥ = 10.6 G.
We assign the small remaining discrepancy to uncertainties in controlling the tilt angle
ϕ and in determining the exact magnetic bias field components B⊥ and Bz.

Precession Frequency as a Function of |Bext|

To validate that our theory approaches predict the correct scaling of the precession
frequency with the applied magnetic field, we repeat the same experiment as in Fig-
ure 2.1 (B), while varying the amplitude |Bext| of the external magnetic field. The tilt
angle ϕ is fixed to 1◦ to within experimental accuracy. Figure 2.4 shows the resulting,
near-linear dependence of fnuc on |Bext| and the excellent agreement with the predic-
tions of both equation (2.13), labeled “Analytic”, and the numerical model, labelled
“Simulation”. The plot showcases the clear enhancement of fnuc over the bare Larmor
frequency fL = γN15|Bext|/(2π) one would expect for an isolated nuclear spin at the
same field. As discussed in section 2.1.1, this enhancement is due to the correction
terms νz and ν⊥. The slope of the analytic or simulated curve represents the effective
gyromagnetic ratio, yielding γeff ≈ 1.2 · γN15.

Magnetic Field         [G]
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Figure 2.4: Experimentally observed
precession frequency at different values
of |Bext| and fixed tilt angle ϕ = 1◦,
together with analytic and numerical
predictions, demonstrating a near-linear
dependence of fnuc on the external ma-
gentic field strength. In addition, there
is a clear enhancement of the precession
frequency of the expected bare Larmor
frequency, that is well captured by the
theory predictions.
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In conclusion, the near linear dependence of fnuc on the applied magnetic field strength
does not only underline that we do indeed observe nuclear spin precession, its great
agreement with the theoretical framework is also demonstrating that our scheme
is well enough described by our theory to be utilized in quantitative magnetometry
applications. We will discuss envisioned sensitivities for key applications in section 2.4.

Precession Frequency as a Function of B⊥

Next, we investigate the dependence of fnuc on the transverse magnetic field B⊥.
Experimentally, this transverse field is generated by tilting the entire bias field vector
away from the NV symmetry axis by an angle ϕ. We can control ϕ in two separate
angles, ϕx and ϕy, applied in the ex-ez and ey-ez-planes, respectively. For the small
angles we investigated, (ϕ2

x + ϕ2
y)1/2 ≈ ϕ.

In Figure 2.5 (A), we show the observed nuclear precession frequency as a function of
ϕx and ϕy, at a fixed total magnetic field of |Bext| = 533 G, measured on the nanopillar
containing NVA1. For each pixel, an all-optically induced FID trace is taken, and the
corresponding precession frequency fnuc is extracted by Fourier analysis. Note that
only the pixels with an optical precession contrast of more than 1 % are considered.
See section 2.2.2 for a definition of contrast, and Figure 2.6 (A) for the measured
contrast of each pixel shown here.
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Figure 2.5: Investigation of the observed nuclear FID frequency. (A) Measured
nuclear precession frequency of NVA1 as a function of magnetic field orientation, for
a fixed total field of |Bext| = 533 G. Only pixels with a corresponding FID contrast
of C > 1 % are shown. (B) Same data as in (A), but plotted against total transverse
magnetic field B⊥. The black dots represent the prediction of our numerical model,
the blue dots the prediction of equation (2.13), and the green dots the expected
bare larmor frequency γN15|Bext|/(2π). Our theory framework captures to non-linear
dependence of fnuc on B⊥ extremely well.
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To relate the tilt angles ϕx and ϕy to the corresponding transverse magnetic field, we
re-plot the same data as a function of B⊥, as shown in Figure 2.5 (B). This transverse
field B⊥ was determined for each pixel individually by taking a full ODMR spectrum
(see appendix, section A.6). We find that the precession frequency fnuc increases non-
linearly with B⊥ in a way that is excellently described by both the analytic result
from equation (2.13) and our numerical model. Both analytic and numeric results
are generated by using the magnetic field values B⊥ and Bz that were measured
experimentally for each pixel. Note that even at B⊥ = 0 the observed precession is
enhanced with respect to the bare Larmor frequency fL = γN15|Bext|/(2π) due to the
non-zero νz correction term.
For values of B⊥ approaching 20 G, the numerical model and the analytic expression
start to slightly deviate from each other, which is due to the perturbative nature of
the analytic expression that breaks down for large B⊥. Fortunately, as we will see
in the next section, the region of B⊥ > 20 G is experimentally inaccessible and thus
anyway irrelevant for us.
In conclusion, our theory describes the observed precession frequency outstandingly
well, for any given bias field vector that is near the ESLAC and slightly tilted away
from the NV symmetry axis. In particular, equation (2.13) excellently describes the
near-linear dependence of fnuc on |Bext| and the non-linear dependence on B⊥.

2.2.2 Contrast of the Observed Nuclear Precession
For any envisioned quantum sensing application, it is not only necessary to quan-
titatively understand the observed nuclear precession frequency, it is also of great
importance to identify ideal measurement conditions to maximize the experiment’s
sensitivity. In our case, this means maximizing the optical contrast of the observed
oscillation. This motivates the question how the FID readout contrast depends on
both B⊥ and |Bext|.
Before we dive into answering this question, let us define the optically detected preces-
sion contrast C. For a time domain signal S(t) = A cos(ωt)+B, we define C = (2A)/B;
or to put it in words, the full range of the PL oscillation (2A) with respect to the PL
average (B). For example, the oscillation shown in Figure 2.1 (B) has a contrast of
C ≈ 4.1 %. However, note that experimentally – in order to reduce the error of the
frequency fit – we typically measure with a low time resolution (just about 6 pixels
per oscillation), but instead take a lot of periods. This approach can lead to large
errors on the fitted amplitude, such that it is better to determine C in Fourier space,
where the definition from above translates to

C = 4V
V0

, (2.23)

where V is the amplitude of the signal in the Fourier domain (e.g. its Fourier peak
height), and V0 is the amplitude of the Fourier peak at zero frequency. In the following,
we will rigorously measure C as a function of B⊥ (respectively ϕ) and |Bext|.

Precession Contrast as a Function of B⊥

Figure 2.6 (A) shows data recorded on NVA1, where we measured C as a function
of (ϕ2

x + ϕ2
y)1/2 ≈ ϕ for a fixed field |Bext| = 533 G. Each pixel originates from a
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Figure 2.6: Investigation of the observed nuclear FID contrast. (A) Measured nu-
clear precession contrast C of NVA1 as a function of magnetic field orientation, for
a fixed total field of |Bext| = 533 G. (B) Same data as in (A), but plotted against
total transverse magnetic field B⊥. The black dots are the prediction of our numerical
model, which is normalized to the mean of the data at ϕopt ± 0.03◦. We find great
agreement of the numerical model with the data.

single FID trace, in fact the same traces as in Figure 2.5 (A), however here we plot
the contrast C instead of the frequency fnuc.
It is clear from Figure 2.6 (A), that when ϕ = 0, no nuclear FID contrast is observed.
This is in line with what we expect based on our theory, because in this case Beff and
einit are both collinear with ez such that the nuclear spin is optically pumped into
the non-precessing eigenstate |0,+1/2⟩ of the system. Upon increasing ϕ, the vectors
Beff and einit both tilt away from ez in different directions, resulting in nuclear
precession of increasing contrast C. At the same time, increasing ϕ (i.e. B⊥) tends
to reduce the nuclear hyperpolarization efficiency [29, 30] and the NV optical spin
readout contrast [25], both of which reduce C. Overall, these counteracting effects
imply that there is an optimal tilt angle ϕopt which maximizes C by balancing the
magnitude of the nuclear spin coherences with nuclear spin readout efficiency. From
here on, we will call this maximized contrast Cmax.
To determine ϕopt and Cmax, we show in Figure 2.6 (B) the same data as in panel
(A), but as a function of transverse field B⊥. This transverse field B⊥ was measured
for each pixel individually via ODMR (see appendix A.6). Figure 2.6 (B) reveals a
clear maximum in C at B⊥ ≈ 8.6 G, which corresponds to ϕopt ≈ 0.86◦. These
results are in good agreement with the predictions of our numerical model, whose
simulated contrast is represented by the black dots in Figure 2.6 (B). These simulation
results were generated by using the magnetic field components B⊥ and Bz that were
experimentally determined for each pixel individually.
Note that the numerical simulation is normalized to the mean of the data at
ϕopt ±0.03◦. This is because the PL predicted by the numerical model is directly pro-
portional to the nuclear spin state occupation, see (2.22), and does therefore neglect
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any experimental factors such as for instance the nanopillar’s wave-guiding proper-
ties, optical collection efficiency, or the amount of background light. To make for a fair
comparison, we therefore normalize the simulated contrast to the measured contrast.

Precession Contrast as a Function of |Bext|

Interestingly, we find that our all-optical 15N nuclear FID protocol is relatively re-
silient to deviations of Bext away from ideal ESLAC conditions. To demonstrate this,
we investigate the dependence of the contrast C on the applied external magnetic field
|Bext| and tilt angle ϕ = (ϕ2

x + ϕ2
y)1/2, where for each data point, we ensured that

ϕy = 0 is maintained to within experimental accuracy. The resulting data exhibit a
non-trivial dependence of C on |Bext| and ϕx, as shown in Figure 2.7 (A). Surpris-
ingly, the data appear to be asymmetric with respect to the ESLAC, and both ϕopt
and Cmax change with |Bext| in a non-linear fashion, as shown in Figure 2.7 (B). We
find a global maximum of Cmax ≈ 4.2 % for |Bext| = 533 G, and a drop of C over a
full-width at half maximum (FWHM) range of approximately 50 G. The optimal tilt
angle increases by a factor of about three when the external bias field is reduces to
420 G.
The reported non-trivial behaviour of C as a function of external field strength is
qualitatively captured quite well by our numerical model, as indicated by the black
dots in Figure 2.7 (B). Recall that as discussed above, the numerically simulated PL
does not predict quantitatively correct PL numbers, which is why the model’s result
for Cmax is normalized to the maximum of the data.
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Figure 2.7: Investigation of the observed nuclear FID contrast. (A) Measured nu-
clear precession contrast C of NVA1 as a function of magnetic field orientation and
amplitude. (B) Maximal observed contrast Cmax and corresponding tilt angle Φopt
for each value of |Bext|. The prediction of our numerical model is shown in black,
which for the case of Cmax is normalized to the maximal data point.



All-Optical Nuclear Quantum Sensing 59

Matching Optical Rates to the Experimental Data

The quality of the simulation depends sensitively on the optical rates plugged into
the numerical model. Specifically, depending on which of the parameter sets listed
in table 2.1 is used, we find better or worse agreement with our data. To determine
which parameter set returns the output that matches to our data the best, we re-plot
the data from Figures 2.6 (B) and 2.7 (B) and compare it to the numerical result using
each of the five parameter sets from table 2.1. This comparison is shown in Figure 2.8.
Note that as explained above, the numerical results for the contrast C and Cmax are
normalized to the data.
Depending on the parameter set, we find maximal contrast for B⊥ between 7.9 and
10.2 G, as shown in Figure 2.8 (A). All rate constant parameter sets predict a global
maximum in C between 530 and 550 G, as demonstrated by Figure 2.8 (B). Surpris-
ingly, for sets 4 and 5, for which k0

A = 0, there is a second local maximum in Cmax
at about 470 G, however there is no such indication of a second maximum in the
experimental data. Overall, we conclude that parameter set 1 has the best agreement
with our data, and this is why we have used parameter set 1 for the numerical results
shown in all previous figures within this section. We assign any remaining discrepan-
cies between data and simulations to uncertainties on the exact values of set 1.
In conclusion, we have not only worked out the numerical model parameters that fit
best to our experimental data, but more importantly, the analysis of the observed
contrast in PL has allowed us to identify ideal measurement conditions for sensing
applications based on our all-optical protocol. Namely, the PL contrast – and thus the
predicted sensitivity – is maximized at a total magnetic bias field of |Bext| = 533 G
for a tilt angle of ϕopt = 0.86◦, where we obtain Cmax = 4.2 %.
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Figure 2.8: Investigation of the observed nuclear FID contrast. (A) Measured nu-
clear precession contrast C of NVA1 as a function of magnetic field orientation and
amplitude. (B) Maximal observed contrast Cmax and corresponding tilt angle Φopt
for each value of |Bext|. The prediction of our numerical model is shown in black,
which for the case of Cmax is normalized to the maximal data point.
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2.2.3 Lifetime of the Observed Nuclear Precession
For almost all spin-based quantum sensing applications, the sensitivity scales with
the lifetime of the employed spin [3,99,131]. Nuclear spins typically offer much longer
coherence times than electron spins [31, 32], and are therefore of particular interest
for quantum sensors. It is true, however, that very often the sensitivity is also scaling
with the gyromagnetic ratio of the spin system, where nuclear spins are about three
orders of magnitude worse compared to electronic spins, meaning that general there
is a trade-off to be considered. We will discuss the sensitivity of our protocol in more
detail in section 2.4. Here, we focus on measuring our scheme’s limiting spin lifetime,
that is the inhomogeneous nuclear 15N spin coherence time T ∗

2 . This time is directly
given by the lifetime of the observed oscillation in PL.
Therefore, in order to experimentally determine the nuclear T ∗

2 time with our all-
optical sensing scheme, we extend the measurement pulse sequence shown in Fig-
ure 2.1 (A) to much longer FID evolution times τ , until we can fully resolve the entire
decay of the signal. The resulting very long FID trace, taken on NVA1, is shown
in Figure 2.9. Fitting an exponentially decaying sine function to these data yield
C = (3.09±0.11) % and T ∗

2 = (248.1±12.4) µs for this single NV under investigation.
This decoherence time is somewhat shorter than previously reported values [132],
however, it is consistent with the rather short NV electron spin relaxation time of
only about T1 = (298 ± 11) µs we have measured for this shallow NVA1 – a timescale
which is known to limit the NV’s nuclear spin decoherence time [133,134].
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Figure 2.9: All-Optically measured nuclear spin precession of a single NV in a dia-
mond nanopillar (NVA1), measured at |Bext| = 533 G with tilt a tilt angle ϕ = 0.65◦.
The FID trace is fitted with a damped harmonic function to determine the nuclear
spin coherence time T ∗

2 , yielding T ∗
2 = (248.1 ± 12.4) µs.

2.3 Extension to an NV Ensemble
All the studies presented in the previous section of this chapter were conducted on
the same single NV center (NVA1). For many sensing applications, however, it is
advantageous to employ entire spin ensembles instead of single centers. Especially
for applications that do not require the high spacial resolution only a single NV can
provide, the strong signal and thus enhanced sensitivity of a large collection of NVs



All-Optical Nuclear Quantum Sensing 61

is desirable. However, in such ensemble measurements, due to the spacial distribution
of the NVs, it can be highly challenging to treat all NVs exactly the same, because for
example the optical excitation intensity or microwave driving field amplitudes can vary
across a large NV ensemble. Such inhomogeneities can be very problematic because
they typically give rise to inhomogeneous broadening of the signal, potentially leading
to the failure of a particular sensing technique. In addition, interaction between the
NVs can be another hurdle that could lead to the breakdown of a sensing scheme
when moving to spin ensembles.
Here, we reproduce the data from the previous section on an (113)-oriented ensemble
of NVs with 75 % preferential alignment of NVs (diamond C, see appendix A.2 in
the appendix for a more detailed description of the diamond). The resulting data are
shown in Figure 2.10, and they convincingly demonstrate that our sensing scheme
and the developed theory is compatible with large ensembles of NVs. Note that the
reduced quality of the data compared to the single NV case is mostly due to shorter
experiment integration times. We also note that our optics were not at all optimized
for ensemble measurements, but instead we even used a optical density filter in the
collection path to protect our photon detector from the bright signal of this very
dense ensemble. In addition, to guarantee magnetic alignment with the NVs in this
(113) diamond, the sample was mounted with the top surface not normal to the
optical excitation and collection path, further reducing optical readout efficiency due
to scattering at the tilted surface and reduced wave-guiding in the nanopillar. All of
these experimental circumstances have contributed to increased noise on the observed
all-optical FID ensemble data. Nonetheless, the core physics are visible in the data
and identical to the single NV case.
Based on the results shown in Figure 2.10, we identify the external magnetic field
for which the contrast C is optimized, and find a very similar optimal working point
as we previously identified for the single NV: |Bext| ≈ 533 G with a tilt angle of
ϕ ≈ 0.8◦. Under these ideal conditions, we next measure the nuclear T ∗

2 decoherence
time of the NV ensemble, as shown in Figure 2.11. Using a least-squares fit, we find
Cmax = (2.08 ± 0.04) % and T ∗

2 = (508.5 ± 17.4) µs for this NV ensemble. While C
has halved compared to the single NV case, a reduction we assign to the minority of
non-aligned NVs, the T ∗

2 time has almost doubled.
This increased ensemble 15N coherence time stems from the fact that the ensemble
NVs are much deeper compared to the very shallow single NV in the nanopillar that we
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Figure 2.10: Same data as in Figures 2.5 (A), 2.6 (A) and 2.7 (A), but recorded on
an entire ensemble (diamond C) instead of a single NV, demonstrating that our all-
optical nuclear FID measurement scheme is compatible with large ensembles of NVs.
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Figure 2.11: All-Optically measured nuclear spin precession of a dense ensemble of
NVs in bulk diamond (diamond C), measured at |Bext| = 533 G with tilt a tilt angle
ϕ = 0.8◦. The FID trace is fitted with a damped harmonic function to determine the
nuclear spin coherence time T ∗

2 , yielding T ∗
2 = (508.5±17.4) µs, about twice the value

we obtained on a single shallow NV.

used above, which results in less surface spin noise. However, the observed ensemble T ∗
2

time is still short of the best reported values of up to 2.2 ms [35,132]. In the single NV
case, we argued that the NV electron spin relaxation time T1 is limiting the nuclear
spin coherence time, but for the ensemble at hand, we exclude this argument because
it exhibits a very long electron spin lifetime of T1 = (5.8 ± 0.5) ms. Instead, possible
other sources for nuclear spin dephasing in our ensemble might be fluctuations in the
external magnetic field or in temperature [132,134].

2.4 Sensitivity Estimation

Our all-optical 15N FID scheme lends itself to applications in quantum sensing, in
particular to magnetometry and gyroscopy, two techniques that can both infer the
respective target quantity (magnetic field and rotation frequency) directly from the
frequency of the observed nuclear precession. In this section, we discuss the predicted
performance of such envisioned all-optical coherent quantum sensing schemes.

Magnetometry

We begin with an estimation of the sensitivity that our scheme could achieve in
magnetometry applications. The shot noise limited FID sensitivity for spin-based,
low-frequency magnetometry is given by [3, 99,131]

ηmag ≈ 1
γC
√
NT ∗

2
. (2.24)

Here, N is the average number of detected photons per readout pulse, C is the readout
contrast, and γ is the gyromagnetic ratio of the spins employed for sensing. Further
sensitivity reductions due to overhead in preparation and measurement of quantum
states are not included in this expression, but of little relevance to our conclusion,
given the long T ∗

2 times at hand.
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Evaluating (2.24) for our single NV data (T ∗
2 ≈ 250 µs, C ≈ 4%, N = 0.1) using the

effective nuclear gyromagnetic ratio γ = 1.2 · γN15 determined from the slope of the
data in Figure 2.4 or alternatively from (2.13), we obtain a photon shot noise limited
magnetometry sensitivity of ηmag = 154 µT Hz−1/2. Further, given that our approach
scales to NV ensembles, we make predictions on future ensemble NV magnetometry
sensitivity. For this, we assume a laser power of 100 mW, a 350 ns readout window,
and a conversion ratio of excitation photons to detected PL photons of 3.4 % [135], to
obtain N = 3.2 · 109. Together with the measured ensemble values T ∗

2 = 500 µs and
C = 2 %, we estimate that ηensemble

mag = 1.22 nT Hz−1/2.
When comparing nuclear spins to electron spins in terms of their sensitivity in sensing
applications, one finds that electron spins are usually preferable. The reason for this
is the following: While nuclear spins benefit from larger T ∗

2 coherence times compared
to electron spins, their gyromagnetic ratio γ is smaller by about four orders of mag-
nitude. In most cases, the gain in coherence time is not large enough to outweigh
the sensitivity loss due to the small γ, meaning that most of the time nuclear spins
are worse magnetometry sensors. This is the case for our protocol too. The nuclear
sensitivity of ηensemble

mag = 1.22 nT Hz−1/2 we estimate for our envisioned ensemble
magnetometer is nowhere near competitive with the state-of-the-art NV electron spin
magnetometry that achieves sensitivities of η̃ensemble

mag < 10 pT Hz−1/2 [91].

Gyroscopy

For spin-based gyroscopy, however, the situation is very different because the gyro-
scopic sensitivity does not depend on the gyromagnetic ratio [30],

ηgyro ≈ 1
C
√
NT ∗

2
. (2.25)

Nuclear spins are thus extremely attractive for gyroscopy, since their small gy-
romagnetic ratio is irrelevant and one only profits from their long T ∗

2 times. For
this reason, gyroscopy is the sensing application where our all-optical nuclear
approach would arguably excel the most. Employing the same procedure as before,
we obtain a projected ensemble gyroscope sensitivity of ηensemble

gyro ≈ 135◦ hour−1/2.
To place this estimate in context, we note that best reported NV-based nuclear spin
gyroscopes have recently achieved sensitivities η̃ensemble

gyro = 280◦ hour−1/2 [35]. It is
important to note that NV-based spin gyroscopes in general is still an emerging
technology and not yet competitive with established technologies [35, 136]. Finally,
note that the sensitivity we give here is an optimistic estimate on what could be
experimentally achievable; they are by no means values we have realized in the
lab. This is because our setup is not at all optimized for ensemble measurements,
and therefore we are lacking the resources to look into proper sensitivity optimization.

In conclusion, while for magnetometry, our projected sensitivity alone is not com-
petitive with the state-of-the-art, the microwave-free modality we present still lends
itself to specific applications, such as for instance remote sensing through optical fi-
bres [137], or for cases where microwave radiation would critically affect the sample
of interest. Conversely, for gyroscopy, we project numbers competitive with previous
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NV-based approaches. The added feature of all-optical operation is hereby a key asset,
which may enable future integrated and power-efficient NV gyroscopes.

2.5 Outlook
To summarize, we have presented an all-optical technique for nuclear quantum sensing
with the 15N spin of the NV center in diamond, that relies on optically exciting a
nuclear spin precession that is then observed as a modulation in the emitted NV PL.
The key ingredient for this is a magnetic field with an amplitude of around 500 G
that is very slightly misaligned with the NV symmetry axis. We have theoretically
described the measurement scheme both analytically and with a numerical model,
and obtain outstanding agreement with experimental data, that we have recorded
on both single a NV and an entire ensemble of NVs. We find that the ideal working
point in terms of sensitivity is achieved at 533 G and a tilt angle of 0.86◦, leading
to a maximal contrast in PL of 2 to 4 %. Under these ideal conditions, we estimate
an ensemble sensitivity of 1.22 nT Hz−1/2 for magnetometry, and 135◦ hour−1/2 for
gyroscopy applications.
Looking forward, the obvious question at hand is how the observed nuclear FID
contrast C could be improved to further boost the scheme’s sensitivity. Previous
studies have shown that at the ESLAC, the optical contrast between nuclear states
in the |mS = 0⟩ manifold is not expected to be much higher than 4 to maximally
5 % [30], a limit we are already approaching experimentally when we measure at
the identified optimal measurement point. Potential approaches to exceed this limit
could for instance be alternate high fidelity readout schemes based on spin-to-charge
conversion [55–57], which are well compatible with our protocol. Another potential
path to improving contrast C is to dynamically pulse the external magnetic field
misalignment angle ϕ between spin initialization and readout, to separately optimize
the two processes.
Based on the discussion presented in section 2.4, our all-optical sensing scheme is
of particular interest for gyroscopy applications. This has sparked interest with re-
searchers from CSEM, who are currently developing an integrated diamond gyroscopy
device based on our all-optical sensing scheme. This is an on-going research project in
close collaboration with people from our group at the University of Basel, all funded
by the SNSF quantum flagship.



CHAPTER 3

Surface Proton NMR via NV Spin-Locking

The previous chapter presented an improved way of configuring the NV center as a
quantum sensor. Now, we will shift focus and instead study a particular kind of signal
that can be sensed with the NV center – namely the magnetic field originating from
the spins of nearby atomic nuclei. The experimental technique that we will be using
for this is nuclear magnetic resonance (NMR).
Traditionally, NMR is based on first polarizing the target nuclear spin ensemble in
a large magnetic field, subsequently exciting a nuclear precession motion with RF
pulses, and finally measuring the resulting induction voltage in a pickup coil. This
approach to NMR was discovered by Isidor Rabi in 1938 [138], for which he was
awarded the Nobel prize in 1944, and by today, it has become an indispensable tool in
a multitude of scientific areas, such as medicine, analytical chemistry, material science
and microbiology [139]. Key applications of NMR are on one hand the identification
and characterization of molecules by measuring their nuclei’s chemical shifts. On the
other hand, by introducing a spatial gradient in the bias magnetic field, one can
resolve where in space a particular NMR signal comes from, and thereby do magnetic
resonance imaging (MRI). The established coil-based inductive detection, however,
comes with a substantial drawback in that the coils used to detect the nuclear moments
are rather far away from the NMR sample. This restricts the method’s application
to macroscopic samples, making it practically impossible to study samples at the
nanometer scale [140].
This limitation can be overcome by employing the NV center in diamond as an NMR
sensor [43–45], because its atomic size allows it to be brought into close proximity
to the NMR sample under investigation, which substantially boosts spatial resolu-
tion and signal strength [66], enabling nanoscale NMR. The dynamical decoupling
sequences that we have introduced in section 1.5 play a central role in NMR with
the NV center, because they tune the NV center’s sensitivity to specific AC magnetic
fields, allowing for frequency selective detection of the target nuclei’s magnetic fields.
Over the last fifteen years, people have used these pulse sequences to demonstrate
NV-based NMR spectroscopy of statistically polarized nuclear spins in surface mate-
rials [45–47,67] with volumes as small as 5 nm3 [120], as well as the detection of single
molecules [48,49] and even single spins [50].
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One prevalent and widely employed application of nanoscale NV NMR is the determi-
nation of an individual NV center’s depth in the diamond crystal [51]. This depth can
in principle be inferred from the NMR coupling strength to a nuclear ensemble on the
diamond surface, given that the position, volume and spin density of this ensemble
are well-known. It is very common to use 1H nuclei (i.e. proton spins) in immersion
oil for this. In chapter 5, we conduct such NMR-based depth measurements with im-
mersion oil, and discuss the underlying mathematics in great detail, specifically for
NMR performed with the Spin-Lock and XY8-k sequences.
Here, we study one particular issue that can arise in depth determination via
immersion oil NMR. Namely, such depth determination is only working properly
under the assumption that the immersion oil on the diamond surface is the only
source of nearby hydrogen nuclei. This is not necessarily the case, as some NV NMR
studies have reported that there is an observable proton NMR signal even when
the diamond is not nominally coated with immersion oil or any other hydrogen-rich
substance [42, 46, 66, 67, 69]. This observation indicates a presence of unidentified
protons near the NV, either in the diamond lattice or on its surface. Disregarding
these additional protons in any depth determination technique based on 1H NMR is
highly problematic, as this leads to an underestimation of the NV depth. Judging by
the literature, the NV community seems often unaware of such an ubiquitous and
measurable proton spin ensemble, as there is a long list of publications where depth
determination based on protons in immersion oil was done without characterizing the
NMR signal before applying oil, or at least NMR experiments on clean diamond are
not mentioned [59–65]. There are a handful of papers that do mention the existence
of proton NMR on un-coated diamond, yet it appears that these protons are not
accounted for when computing the NV depth from the NMR obtained after applying
oil [66, 67,69].

The goal of this chapter is to verify and characterize the presence of proton spins in
tri-acid cleaned diamond samples. Given such a characterization, including a quan-
titative analysis of the location and density of the proton spin ensemble, one could
account for these spins in the conventional depth determination protocol to avoid
depth underestimation. Even better, if these protons are not only well characterized
but also always present, it would be possible to determine the depth of single shal-
low NV centers using only these protons, thus eliminating the need for coating the
diamond with immersion oil or other proton-rich substances. This would be highly
advantageous for depth determination in applications that employ fragile diamond
structures from which these substances cannot be easily removed, such as for exam-
ple mounted diamond scanning tips for scanning NV magnetometry [27].
For this reason, we perform nanoscale NMR spectroscopy with single NV centers in
diamond, using the Spin-Lock sequence we have introduced in section 1.5.5. Notably,
we are not employing the XY8-k sequence, because as we will demonstrate in chap-
ter 4, XY8-k NMR has a few crucial weaknesses that can be overcome by using the
Spin-Lock sequence instead. And indeed, for shallow NVs, our Spin-Lock NMR ex-
periments reveal a clear proton signature, even if the diamond surface is clean. Here,
whenever we say “clean”, we mean tri-acid cleaned, i.e. boiled in a equal mixture of
nitric, sulphuric and perchloric acid, which is known to result in an oxygen terminated
diamond surface [53, 141]. An example of such proton Spin-Lock NMR on clean dia-
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mond is shown in Figure 3.1, taken on a single shallow NV at 490 G. The data exhibit
a dip at 2.078 MHz ± 0.411 kHz which is very close to the expected proton Larmor
frequency of ωL = 2.086 MHz, a small discrepancy that we assign to an inaccurate B-
Field measurement. Based on the characterization experiments that we will present in
this chapter, we speculate that this proton signal arises from either a sub-nanometer
thin film of water on the diamond surface [142–144], or from surface-bound hydrogen
atoms that are expected to be present on oxygen terminated diamond surfaces [141].

Clean
Diamond 

Surface

Figure 3.1: Spin-Lock NMR spectrum on tri-
acid cleaned diamond (oxygen surface termi-
nated surface). Data were taken on the shal-
low NVA1 at an aligned magnetic field of
|Bext| ≈ 490 G and for a spin-locking duration
of τ = 30 µs. The obtained NMR dip is fitted
with a Lorentzian lineshape function, reveal-
ing a dip position of 2.078 MHz ± 0.411 kHz.
This matches the expected proton Larmor fre-
quency of ωL = 2.086 MHz, indicating a pres-
ence of protons in the NV vicinity.

This chapter is organized as follows: First, in section 3.1, we explain the principle
of Spin-Lock NMR, how to process the PL data to arrive at a spectrum as shown in
Figure 3.1, and how to optimize the resulting signal-to-noise ratio. Then, in section 3.2,
we study the proton presence observed on tri-acid cleaned diamond by measuring
how the corresponding NMR dip scales with NV depth, spin-locking duration and
temperature. Finally, in sections 3.3 and 3.4, we undertake two more attempts to
further characterize the observed proton signal, namely by deuterium terminating
the diamond surface, and by freezing liquid water on the diamond surface.

3.1 Spin-Lock NMR Technique
To perform nanoscale NV NMR spectroscopy of statistically polarized nuclear spins,
we employ the Spin-Lock sequence we have previously introduced in section 1.5.5.
Specifically, we first apply an external magnetic field that is aligned with the NV
symmetry axis to set the nuclear ensemble’s noise frequency to its Larmor frequency.
Then, we play a Spin-Lock sequence with a fixed spin-locking duration τ (see sec-
tion 3.1.2 for a discussion on how to choose a good value for τ), while sweeping the
amplitude of the spin-locking field. For amplitude values where the corresponding
Rabi frequency ΩR matches the Larmor frequency ωL of a nearby nuclear spin en-
semble – that is, at the Hartmann-Hahn resonance – the Spin-Lock sequence picks
up the nuclear spins’ magnetic signal, and thus the resulting T1ρ time is reduced, as
described by equation (1.28).
To further illustrate this mechanism, we sketch in Figure 3.2 (A) an envisioned Spin-
Lock filter function together with the noise spectral density Sz(ω) from equation (1.21)
where we added an additional noise feature at the nuclear Larmor frequency ωL that
represents the proton spin bath. Sweeping the MW amplitude and thereby its Rabi
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Figure 3.2: Principle of Spin-Lock NMR. By sweep-
ing the Rabi frequency ΩR of the spin-locking MW
pulse, the peak of an envisioned filter function is
shifted in frequency space. This way, it can be swept
across a nuclear noise peak at the nuclear Larmor fre-
quency ωL in the noise spectral density Sz(ω). On
Hartmann-Hahn resonance, ΩR = ωL, the overlap of
the two functions is maximized, resulting in increased
noise pick-up and thus a reduction in T1ρ. In an NMR
spectrum, this reduction manifests as a dip in PL.

frequency ΩR tunes the filter function’s peak across the nuclear noise peak, such that
on resonance ΩR = ωL, the two functions show a large overlap. This means that
there is increased noise pick-up and a concomitant reduction in T1ρ. Consequently,
we observe a dip in NV PL when ΩR = ωL, leading to an NMR spectrum as shown
in Figure 3.1.

3.1.1 NMR Data Processing
In this section, we explain the data processing necessary to obtain an NMR spectrum
as depicted in Figure 3.1. In particular, we will discuss how we calibrate the x-axis
to units of Rabi frequency, how we transform the measured NV PL into units of spin
contrast, and we explain what we mean by the spin contrast Sc in the first place. For
this, we use the exemplary dataset shown in Figure 3.1.
Whenever we perform a Spin-Lock NMR experiment, as discussed in section 1.5.5,
we always finish the sequence with either a positive or negative π/2-pulse, resulting
in two distinct PL curves that we denote as I±

PL. These PL curves are plotted in Fig-
ure 3.3 (A). The x-axis of this plot is given by the amplitude of the applied spin-locking
MW field, which is experimentally controlled by our microwave signal generator with
a waveform amplitude with values between 0 and 1 in (see the appendix A.1.3 for a
detailed description of the MW generation in our setup). In a first data processing
step, we combine the two curves I±

PL to a relative difference in PL that we denote as
∆IPL, using the same definition as Pham et al. [51], which yields

∆IPL = I−
PL − I+

PL
I−

PL + I+
PL

. (3.1)

We plot ∆IPL in Figure 3.3 (B). By working with this relative difference ∆IPL we
remove common mode noise such as drifts in the background PL, and we ensure
that in the absence of coherent oscillations, ∆IPL = 0 corresponds to a fully decayed
spin state. Next, to normalize the data, we fit a linear function to the background
of ∆IPL. For this we omit all pixels that are closer to the peak than two times its
width. This range is highlighted in grey in Figure 3.3 (B), and the resulting linear fit is
represented by the black line. Dividing the entire data set by this linear background fit
leads to a normalized NMR spectrum with a flat background and with values between
0 and 1. This normalization essentially removes the “background” relaxation due to
noise sources at frequencies outside the measured NMR window (in particular at 0 Hz),
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(A)  Raw Data (C)  Axis Calibration(B)  Rel. PL Difference

Figure 3.3: Spin-Lock NMR Data Processing (A) The obtained raw PL data as a
function of MW amplitude for τ = 30 µs. We always measure two separate PL traces,
for either a final + or −π/2-pulse. (B) Taking the relative PL difference ∆IPL of the
two curves in (A) results in an NMR dip where a value of 0 corresponds to a fully
relaxed spin system. To normalize the data to 1, we fit a linear function (black line)
to the data omitting the pixels in the grey area, and normalize the entire data with
this linear fit (not shown here). (C) Calibration of the x-axis is done by measuring
Rabi oscillations for multiple MW amplitude values, and fitting a linear function to
the resulting Rabi frequencies. Dividing the data from (B) by the linear background
fit, and then plotting against the x-axis in units of ΩR ultimately results in the NMR
spectrum shown in Figures 3.1 and 3.4.

and for this reason, we identify the normalized PL values as the NV spin contrast
caused by the presence of nuclear spins, denoted by Sc. Specifically, a value of Sc = 1
means that no decoherence due to any nuclear spin bath has occurred, whereas Sc < 1
means that some nuclear ensemble is resonant with the NV dressed state transition
and is thus reducing the NV coherence. In the extreme case, for Sc = 0, the nuclear
spin noise has caused the dressed state to relax into a fully mixed state.
Finally, to convert the MW amplitude on the x-axis to the more meaningful corre-
sponding Rabi frequency ΩR, we take Rabi experiments (see section 1.3.3) at mul-
tiple MW amplitudes. We then transform the resulting Rabi oscillations to Fourier
space, where we determine the Rabi frequency ΩR as the position of the respective
Fourier peak. Ultimately, we fit the obtained Rabi frequencies with a linear function,
as depicted in Figure 3.3 (C). This linear function serves as a conversion from MW

Figure 3.4: Same Spin-Lock NMR spectrum
as in Figure 3.1 (τ = 30 µs), plotted again to
define key properties of the NMR spectrum.
We define fNMR as the fitted Lorentzian func-
tion’s position, ∆fNMR as its FWHM, and the
contrast C as its height. Finally, we define the
signal-to-noise ratio (SNR) as the contrast C
divided by the standard deviation of all pixels
more than 2∆fNMR away from the fitted peak
position (i.e. outside the grey area).
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amplitude to ΩR. Normalizing ∆IPL as described above and plotting it against the
recalibrated x-axis ultimately yields the NMR spectrum shown in Figures 3.1 and 3.4.
Note that an alternative way to calibrate the x-axis is to play two artificial MW tones
at MHz frequencies, which will show up as separate peaks in the NMR spectrum,
and whose positions allows for a conversion of MW amplitude to Rabi frequency.
In this thesis, we use this alternative calibration approach only once, specifically in
Figure 3.12.
In Figure 3.4 we plot the finalized data once more to define the key properties of
such an NMR signal. First, we define the NMR frequency fNMR as the fitted position
of the dip in units of Hz, and the NMR width ∆fNMR as the FWHM of the fitted
Lorentzian lineshape, in units of Hz as well. Next, we define the contrast C of the
NMR signal as the height of the NMR dip,

C = Sc(ΩR ̸= ωL) − Sc(ΩR = ωL) = 1 − Sc(ΩR = ωL) , (3.2)

and the signal-to-noise ratio (SNR) as the contrast C divided by the standard devia-
tion of all pixels outside the grey area,

SNR = C

std(background) . (3.3)

This grey are is given by the interval fNMR ± 2∆fNMR.

3.1.2 SNR Optimization
Optimization of the SNR in Spin-Lock NMR is not only desirable from a purely
practical point of view to minimize experiment duration in our lab, it is also of crucial
importance when it comes to improving the sensitivity of Spin-Lock NMR for quantum
sensing applications. In order to increase the SNR, as is evident by equation (3.3),
one can either reduce the noise on the PL readout to minimize the standard deviation
STD of the NMR background, or one can increase the contrast C. While both of these
depend on various different parameters, we will show in the following that both do
crucially depend on the spin-locking duration τ . In fact, we will see that C(τ) and
STD(τ) increase with τ in different ways, and therefore there is an ideal value for τ
that maximizes their ratio, i.e. the SNR(τ).
To identify this optimal value for τ , we now introduce a simple model that describes
the SNR as a function of spin-locking duration τ . We begin by considering a nor-
malized NMR spectrum as shown in Figure 3.5 (A), and imagine taking a T1ρ mea-
surement perfectly on resonance, that is fixing ΩR = ωL and sweeping τ . In units of
|I+

PL − I−
PL|, such T1ρ spin relaxation exhibits a decay of the form

χres(τ) = ∆01 exp
(

−
[
τ/T res

1ρ

]α)
, (3.4)

where T res
1ρ is the decay time the system exhibits on resonance, and ∆01 is the PL

difference between the |0⟩ and |−1⟩ states. The exponent α is 1 for Spin-Lock T1ρ

relaxation, as we have discussed previously in section 1.5.5. Similarly, taking such a
measurement off-resonantly at ΩR ̸= ωL yields a decay of the form

χoff(τ) = ∆01 exp
(

−
[
τ/T off

1ρ

]α)
, (3.5)
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Figure 3.5: Visualization of the scaling of the contrast C with τ . (A) Sketch of
a normalized Spin-Lock NMR spectrum. (B) Time traces taken at the ΩR values
indicated by the linecuts in (A). On resonance, we find a decay given by χres(τ)
whereas off-resonance, T1ρ is longer such that a slower decay χoff(τ) is obtained.
Normalizing these functions in the same way as the NMR spectrum, that is by dividing
both PL curves by χoff(τ), results in two functions whose difference is exactly C(τ).
The markers a and b indicate identical points in (A) and (B).

where T off
1ρ > T res

1ρ is the coherence time the system shows off resonance, and α = 1.
These two T1ρ relaxation curves are plotted on the left-hand side of Figure 3.5 (B). To
convert them to units of spin contrast Sc in the same way as the NMR spectrum, we
divide both by the background given by χoff(τ). This results in the curves shown on
the right-hand side of Figure 3.5 (B). The markers a and b indicate identical working
points in panels (A) and (B). Importantly, as can be seen in panel (A), the difference
in spin contrast Sc between a and b is equal to the contrast C, because we have
defined C as the amplitude of the normalized NMR dip, see equation (3.2). One can
therefore compute C as a function of τ from the difference of the two curves in the
right-hand side of panel (B), which is given by

C(τ) =
χoff(τ) − χres(τ)

χoff(τ)
, (3.6)

an expression that is increasing with τ , and approaching one for τ → ∞. Note that
this contrast C is only non-zero as long as T off

1ρ > T res
1ρ .

Next, we model the noise on the experiment readout as a Gaussian random variable
with zero mean and standard deviation σ, denoted as N (0, σ2). For such Gaussian
white noise, σ decreases with the square root of the number of experiment repe-
titions [3]. This is equivalent to saying that σ increases with

√
τ , where τ is the

spin-locking duration, because for longer τ , less repetitions of the sequence can be
conducted within the same time. Furthermore, to account for the experimental over-
head T0 given by the laser and waiting times between sequence repetitions, which
limits the sequence repetition number and thus the readout noise in the limit of
τ → 0, we modify the scaling factor to

√
τ + T0. With this, the standard deviation of

the normalized NMR background yields

STD(τ) = std
(

N
(
0, [σ

√
τ + T0]2

)
χoff(τ)

)
= σ

√
τ + T0

χoff(τ)
, (3.7)
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and therefore

SNR(τ) = C(τ)
STD(τ) = ∆01

σ
√
τ + T0

(
exp

(
−τ/T off

1ρ

)
− exp

(
−τ/T res

1ρ

))
. (3.8)

Using this expression, we now aim to find τ that maximizes the SNR, however, the
equation d/dτ SNR(τ) = 0 is transcendental, such that we cannot derive an analytic
expression for this ideal τ value. It is possible though to evaluate equation (3.8)
numerically for our experimental conditions, and thereby compute the value for τ
that optimizes the SNR in that specific case.
For example, for NVA2, we have measured that T off

1ρ = (243 ± 11) µs, T res
1ρ = (101 ±

14) µs, T0 = 3464 ns, and ∆01 = 90 kcps. On the same NV, we have then taken a series
of NMR measurements for different values of τ , where each of these experiments ran
for exactly one hour, and we have extracted the resulting values for C, STD and
SNR. The results of these measurements are shown in Figure 3.6, together with the
prediction of equations (3.6), (3.7) and (3.8). The grey area represents the error on
the model’s prediction based on the measurement errors on the two T1ρ times plugged
into our model. The noise variance σ is determined by fitting equation (3.7) to the
standard deviation data. We find reasonable agreement of the experimental data with
the numerical predictions. In particular, the model predicts that for this particular
NV, the SNR is maximal at τ = (76.6 ± 5.5) µs. This is only about 76 % of T res

1ρ and
31 % of T off

1ρ .
We close the discussion on SNR optimization in Spin-Lock NMR with four further
comments: First, the optimal τ value varies from NV to NV. For example, we have
found that for NVA2 that we investigated here, the ideal value is about 31 % of
T off

1ρ , meanwhile in the next chapter we present a similar measurement on NVB1 (see
Figure 4.3), where the model predicts an ideal τ of about 45 % of T off

1ρ . Second, while

(A)  Contrast (B)  Noise STD (C)  Dip SNR

Figure 3.6: Optimization of the Spin-Lock NMR SNR via measurement of (A) the
contrast C(τ), (B) the readout noise STD(τ), and (C) the resulting SNR(τ). The
red crosses are experimental results, taken on NVA2, where each pixel represents a
single NMR experiment that ran for exactly one hour. The error bars arise from the
fitting uncertainty on the amplitude of the fitted Lorentzian lineshape. Evaluation of
equations (3.6), (3.7) and (3.8) for the experimental conditions under which the NMR
data were taken results in the solid black line, and the grey area is the model’s error
based on the uncertainty of the employed experimental values for T off

1ρ and T res
1ρ . For

this particular NV, SNR is maximized for τ ≈ 0.76 · T res
1ρ .
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the inclusion of the experimental overhead in our model ensures that the simulated
STD is not vanishing for τ → 0, it seems that the model is slightly underestimating
the STD for small τ . This indicates that there are experimental circumstances that the
model is currently not accounting for, such as imperfect readout [99], whose addition
to the model could improve the overlap of the model with the SNR data. Third, the
model is not limited to Spin-Lock NMR, but instead it can be applied to any NMR
protocol that relies on faster spin decoherence on resonance with the NMR target.
For example, we will show in section 4.2 that the model can be used to describe the
SNR of XY8-k NMR. Forth, we will extend this model in the appendix A.7 to study
the ideal τ for optimizing the SNR difference between two NMR curves, namely NMR
taken with and without immersion oil on the diamond surface.

3.1.3 Choice of Magnetic Bias Field
In this thesis, we always conduct our NMR experiments at a magnetic bias field near
the ESLAC, that is at |Bext| ≈ 500 G. We make this particular choice for the following
three reasons: First, due to the nuclear hyperpolarization occurring near the ESLAC
(see section 1.2.2), there is only one occupied nuclear state, meaning that we can
work with a single spin transition without interference from any off-resonantly driven
transitions. Second, this isolated hyperpolarized transition has an optical contrast
that is two times (for 15N) or three times (for 14N) larger compared to an unpolarized
hyperfine line (see Figure 1.13). This optical contrast, denoted above as ∆01, scales
linearly into the SNR of the NMR experiment, as we have shown in equation (3.8),
meaning that our experiments are more sensitive and faster when operated near the
ESLAC. Third, we always aim to work with a magnetic bias field that is well aligned
with the NV axis, and we realize this alignment by monitoring the reduction in PL
when tilting the magnetic field away from the NV axis with a goniometric mount (see
appendix A.1.2). Since our goniometer has an angular range limited to ±5 ◦, we can
only align magnetic fields that are larger than approximately 250 G, because for lower
fields the transverse magnetic field component at 5◦ misalignment is not sufficient
to quench the PL in a significant manner. For these three reasons, we always apply
aligned magnetic fields near the ESLAC between 400 G and 550 G.

3.2 Proton Presence on Bare Diamond
The Spin-Lock NMR data we have presented previously in Figure 3.1 respectively
3.4 exhibit a clear NMR feature at a frequency that matches the proton Larmor
frequency, suggesting that there is a nearby proton ensemble. Such NV proton NMR
in itself is nothing new – many people have used NVs to detect protons in nanoscale
samples [46,63,67,120] – however in our case we did not deliberately add these protons,
neither by coating the diamond with any hydrogen rich material such as polymers,
immersion oil or other organic substances, nor by hydrogen terminating the diamond
surface. The fact that our Spin-Lock NMR experiments are nonetheless registering a
significant proton signature raises the question where these proton spins are located
and how they have been introduced in the first place.
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In this section, we first provide additional evidence that the observed NMR signature
is indeed arising from proton spins, and subsequently we characterize the proton
source by investigating how the proton NMR contrast and width scales with various
experimental factors.

3.2.1 Validation of the Proton Larmor Frequency
We now present multiple arguments to substantiate the claim that the dip observed
in the Spin-Lock NMR spectrum in Figures 3.1 and 3.4 is indeed due to a nearby
proton ensemble.
We make this claim based on the observation that the measured NMR frequency of the
dip matches the proton Larmor frequency. However, the NMR frequency we measure
is highly dependent on the conversion of MW amplitude to Rabi frequency ΩR (see
section 3.1.1), and an improper conversion would lead to a false dip position fNMR and
thus to a wrong nuclear spin species identification. To validate that our conversion
is correct and that the dip is indeed at the proton Larmor frequency, we apply a
2.5 MHz MW tone with a second antenna and perform Spin-Lock NMR on NVB1 at
an aligned magnetic field of |Bext| of 412 G. The resulting NMR spectrum is shown in
Figure 3.7 (A), where we observe not only the proton feature at the expected proton
Larmor frequency of about 1.76 MHz, but we do also see a dip at exactly 2.5 MHz
that is produced by the applied MW tone. The fact that this dip is showing up at
precisely 2.5 MHz verifies that the conversion from MW amplitude to frequency ΩR

is correct.
To further validate that the observed NMR signal stems from proton spins, we check
that the measured dip position fNMR scales linearly with the magnetic field, with a

NVA2
NVB1

NVA1

(B)(A)

Protons

MW ToneNVB1

Figure 3.7: Validation that the observed NMR feature is due to protons in the NV’s
environment. (A) Recording a Spin-Lock NMR with a 2.5 MHz MW tone applied to
the NV results in an additional dip in the NMR spectrum at exactly 2.5 MHz. This
verifies that the conversion from MW amplitude to frequency ΩR is correct. The data
shown here were taken on NVB1 at about 412 G. (B) A series of NMR experiments at
different magnetic fields reveals that the frequency fNMR of the observed proton dip
scales linearly with |Bext|, with a slope that matches the proton gyromagnetic ratio
γH (grey line), further validating that the observed feature is due to noise originating
from precessing proton spins. Note that the errorbars on the fitted frequency are less
than 1 kHz and not shown here.
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slope given by the proton Larmor frequency γH = 4.2577 kHz/G [80]. For this, we
measure fNMR at different magnetic field amplitudes |Bext|, using multiple NVs from
two different diamond samples, namely diamonds A and B (see appendix A.2). The
result of these experiments is shown in Figure 3.7 (B), where the grey line represents
the proton Larmor frequency ωL = γH·|Bext|. We find good agreement of the data with
ωL, where the small deviations are due to inaccurate magnetic field measurements. In
particular for NVA1, these B-field measurements are based on only a single ODMR
experiment on one electron spin transition instead of two. Overall, we conclude that
these data are not only providing clear evidence that the detected NMR is indeed due
to proton spins, the data also demonstrate that there are protons present nearby the
NVs of two entirely different diamond samples.
Finally, we point out that in contrast to the XY8-k sequence, the Spin-Lock sequence
is not periodic and therefore it is not sensitive to harmonic fractions or multiples of
the target noise frequency. For this reason, we rule out that the observed feature is
generated by the harmonic frequency of another nuclear spin species such as 13C whose
Larmor frequency happens to have harmonics near the proton Larmor frequency.
See section 4.1 for a more detailed discussion and experimental validation of this
statement.
All these findings together represent strong evidence that we are indeed measuring
the noise signature of precessing proton spins in the NV’s environment.

3.2.2 NV Statistics
As a first characterization step of the observed proton signal, we acquire some statistics
by conducting Spin-Lock NMR experiments on different NVs in two different samples,
diamond A and B (see appendix A.2). We find that in both of these samples, there are
NVs that show a proton dip in their NMR spectrum, and NVs that do not. Whether
a Spin-Lock NMR experiment detects a proton presence is therefore not so much
dependent on the diamond itself, but much more on the local environment of the
respective NV.
In Figure 3.8, we plot the observed proton NMR contrast C of all these NVs versus
their respective T off

1ρ relaxation time. For NVs without any observable proton feature,
we set C = 0. The horizontal error bars in the plot represent the largest and smallest
T off

1ρ value we have ever measured for the respective NV, and for NVs where this was
measured only once, it represents the error on the least-square fit of the relaxation
time of that single experiment. Similarly, vertical errorbars indicate the largest and
smallest measured contrast C of the respective NV, each taken with a τ value between
T res

1ρ and T off
1ρ .

The data demonstrate that none of the NVs with relaxation times exceeding 1.5 ms
show a proton signature in their NMR spectrum. On the other hand, the three NVs
with short T off

1ρ exhibit a clear proton NMR signal with contrasts between 20 % and
40 %. Since spins and magnetic impurities on the diamond surface are the main con-
tributors to magnetic background noise – especially for diamond A that has a negligi-
ble amount of 13C spins in the lattice – we directly correlate T off

1ρ with the NV depth.
This means that we expect NVs with long T off

1ρ times, such as NVA3 and NVA4, to be
much deeper in the diamond than NVs with short relaxation times, such as NVA1,
NVA2 or NVB1. To further underline the statement that NVA4 is a deep NV, we
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point out that even if we add immersion oil to the diamond surface, NVA4 is not
showing any proton NMR while it detects an artificial MHz tone test signal just fine.
This observation indicates that NVA4 is so far away from the diamond surface that
even increasing the number of surface protons is not enough for it to sense them. In
fact, this oil experiment together with the long relaxation times shown in Figure 3.8
is why we say that NVA3 and NVA4 are deep NVs, and why we claim that NVA1,
NVA2 and NVB1 are shallow.

NVA1
NVA2
NVB1

NVA3 NVA4

Figure 3.8: Spin-Lock NMR contrast as
a function of the employed NV’s off-
resonant relaxation time T off

1ρ . We do only
observe proton NMR for the three NVs
with T off

1ρ < 300 µs. For all other NVs, we
find T off

1ρ > 1.5 ms and we do not obtain
any proton NMR. Since T off

1ρ is strongly
correlated with the NV depth, we con-
clude that only shallow NVs detect a pro-
ton NMR, indicating that the proton en-
semble is located on the diamond surface.

To summarize, the data from Figure 3.8 suggest that we do only observe the sur-
face proton NMR on shallow NVs. This leads to the conclusion that the protons are
not homogeneously distributed throughout the entire diamond lattice, but they are
instead localized on the diamond surface.

3.2.3 NMR Linewidth Limitation
We now investigate how the proton NMR width ∆fNMR behaves as a function of
the spin-locking duration τ . This width depends on two different parameters: The
properties of the proton ensemble that generates the magnetic NMR signal, and the
parameters of the Spin-Lock sequence applied to the NV. Both of these are indepen-
dent of each other, and thus they impose separate limitations on how small ∆fNMR
can be.
The Spin-Lock sequence itself imposes a Fourier limit of

√
π/τ on the NMR width.

This can easily be derived by Fourier transforming a cosine signal of finite duration τ ,
which results in a frequency domain sinc-like function with a FWHM of

√
π/τ . Put

into words, this Fourier limit dictates that the longer the spin-locking period is, the
more precise the NMR frequency measurement becomes. Therefore, if such a Fourier
limit is limiting the width ∆fNMR in our experiments, we would expect ∆fNMR =√
π/τ . On the other hand, if a property of the proton spin bath is limiting the NMR

width, such as for example a nuclear dephasing time T ∗
2 < τ , we would expect ∆fNMR

to be larger than
√
π/τ and independent of τ .

In Figure 3.9 we show a measurement of ∆fNMR as a function of τ , taken on both
NVA2 and NVB1. The errorbars are given by the uncertainty on the width obtained
by a least-square fit of a Lorentzian lineshape. The data suggest that ∆fNMR is
independent of τ , and in particular for τ > 100 µs, the measured width ∆fNMR clearly
exceeds the Fourier limit.
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We therefore conclude that for τ > 100 µs, our experiments are not Fourier limited,
but that the spin bath itself is defining the observed NMR linewidth. This means that
for our usual experimental conditions, the choice of τ has no effect on ∆fNMR and
thus τ can be chosen to optimize the SNR as described in section 3.1.2. Interestingly,
the NMR linewidth for the two NVs are different, indicating that depending on the
diamond sample and/or the NV, the proton spin bath has different intrinsic properties.

NVA2
NVB1

Figure 3.9: Spin-Lock NMR width as
a function of spin-locking duration τ ,
recorded on NVA1 and NVB1. The dashed
lines highlight the average width of each
NV, while the black line represents the
Fourier limit

√
π/τ . The data suggest that

the width is independent of τ , indicating
that the NMR is not Fourier limited, but
instead the width is determined by the spin
bath itself. Moreover, the limit imposed by
the bath is different for these two NVs.

The question at hand is what one can learn about the proton spin based on the
observed width. The key parameters that are typically used to describe a nuclear
spin bath such as the protons observed here are the spin density and the bath’s
autocorrelation time which depends on the proton coherence time and – for non-
stationary spins – the molecular diffusion coefficient [51]. However, since all these
parameters play into the measured width, it is hard to make a statement about any
of these parameters based on just the single ∆fNMR value measured here. We will
attempt to infer the 1H spin density of the detected source in chapter 5, using a full
theoretical description of Spin-Lock NMR.

3.2.4 Temperature Dependence
After having shown that the NMR width ∆fNMR is limited by the proton spin bath’s
properties, we continue to further investigate this width. In particular, we study
whether ∆fNMR – and thus the underlying spin bath property – changes with tem-
perature, which will be an indicator whether the observed spin bath is subject to
temperature dependent processes such as molecular diffusion. For this, we mount the
diamond on a thermoelectric peltier element (ThorLabs TECF1S) with a thermistor
(ThorLabs TH10K) for temperature control via an electric feedback-loop. This allows
us to bring the diamond to any target temperature between −5 ◦C and 75 ◦C. Using
this experimental setup, we measure the proton NMR width ∆fNMR of NVA1 as a
function of temperature, the result of which is shown in Figure 3.10.
The data show no clear dependence of ∆fNMR on the temperature, and in particular
there is no increase in ∆fNMR with higher temperature. If the detected proton signal
was arising from a liquid whose molecules are free to move, we would have expected
that this diffusive molecular motion increased at higher temperature, leading to a
shorter autocorrelation time of the bath and thus to an increase in ∆fNMR. For
example, liquid water has a self-diffusion rate that changes by a factor of more than

https://www.thorlabs.com/thorproduct.cfm?partnumber=TECF1S
https://www.thorlabs.com/thorproduct.cfm?partnumber=TH10K
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three in the investigated range [145,146]; a difference we would be able to observe in
Spin-Lock NMR by monitoring ∆fNMR. However, our data suggest that this is not the
case, and hence we conclude that the detected proton spins are either fully stationary
and bound to the diamond surface in a fixed way, or they are at least bound strong
enough such that their molecular dynamics are dominated by the interaction with the
diamond surface and not the applied temperature. In either case, we conclude that
the proton carriers are in a solid-like surface-bound state, and we estimate a lower
bound on the surface binding energy as kBT ≈ 30 meV for T = 70 ◦C.

NVA1
Figure 3.10: Spin-Lock NMR tempera-
ture dependence. The width of the proton
NMR dip, as measured on NVA1, seems to
be independent of the temperature. This
indicates that the detected protons are
provided by a substance that is solid-like
in that its molecules are surface-bound
and do not show any temperature depen-
dent molecular diffusion.

To summarize, our studies have provided evidence that the detected proton spin bath
is located on the diamond surface, that its properties limit the width of the NMR dip
to approximately 20 to 40 kHz, and that it does not show any temperature dependent
diffusive motion. Based on this, we suspect the proton carriers to be stationary on the
surface in a solid-like bound state, leading to the following two reasonable options:
Surface-bound chemical groups containing hydrogen, or a thin layer of immobilized
water molecules. Let us now discuss these two scenarios.

Surface-Bound Hydrogen Atoms

The diamond surface termination we usually work with, and in particular the termi-
nation with which our shallow NV centers sense a proton presence in Spin-Lock NMR,
is the oxygen termination. This oxygen termination is generated by tri-acid cleaning
the diamond sample [53, 141]. High resolution XPS measurements have shown that
the chemical surface composition generated this way is not a perfect oxygenated dia-
mond surface comprised of only C-O-C and C=O bonds, but that there are also C-OH
and (COOH)HO-C=O bonds [141]. These groups contain hydrogen atoms, and it is
possible that they are the origin of the proton NMR we observe.
The surface density of these chemically bonded groups is limited by the surface density
of available carbon dangling on the (001) surface of our diamond, which is about
32 nm−2. This can be calculated by 2 · [2a sin(ϕ/2)]−2, where a = 0.3567 nm is the
C-C bond length, ϕ = 109.5◦ is the angle between C-C bonds in the lattice, and
the initial factor of 2 comes from the fact that each carbon atom provides two free
dangling bonds. Even if 20 % of all carbon dangling bonds hosted a group with one
hydrogen atom (and that is a generous estimate given the results from [141]), the
resulting 1H surface density of about 6.4 nm−2 is rather low compared to the volume
density of immersion oil, which ranges from 50 nm−3 [42, 50, 120] to 60 nm−3 [63, 66]
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or even (68 ± 5) nm−3 [51]. This makes it questionable, yet by no means impossible,
that surface-bound hydrogen atoms are the origin of the signal we measure.

A Sub-Nanometer Thin Water Layer

We rule out liquid water as a source for the observed proton signal because its molec-
ular diffusion is expected to show a temperature dependence in the investigated tem-
perature range [145, 146], and even more importantly, the high molecular diffusion
of liquid water would broaden the NMR line by much more than what we measure.
For example, at room temperature, the self-diffusion rate of liquid water is about
D ≈ 2000 nm2/µs [145, 146], such that the water molecules move on average by ap-
proximately (2D · 1 µs)1/2 ≈ 63 nm per microsecond [106]. Given that the NV center’s
sensing volume is well approximated by a semi-sphere on the diamond surface with a
radius roughly equal to the NV depth [44, 120], i.e about 10 nm for our NV centers,
this means that every microsecond most water molecules in the sensing volume are
expected to be exchanged with a molecule from outside the sensing volume, leading to
a diffusion-limited NMR linewidth of ∆fNMR > 1 MHz. To further highlight how fast
the diffusion in liquid water is, we note that immersion oil (with which proton NMR
is feasible) has a substantially smaller self-diffusion coefficient of only approximately
0.5 nm2/µs [51].
For a water layer that is extremely thin, however, the situation changes drastically.
Recent work reports that such two-dimensionally nanoconfined water with less than
2 nm thickness shows strongly suppressed molecular diffusion [142, 147], and that
such reduced diffusion in water with only picoliter volumes can in fact be detected
by the NV center [143, 144]. Another very recent study claims that there is a non-
evaporating sub-nanometer thick water layer on the diamond surface under ambient
conditions [147]. In light of these findings, it is a reasonable assumption that the proton
signal in our NV NMR experiments is a super-thin, solid-like water contact layer on
the diamond surface – a hypothesis that has previously been formulated [42,46,66–68].
To further underline this possibility, we note that the proton density of water is

ρwater ≈ 2 · NA mwater

M
≈ 67 nm−3 , (3.9)

where NA is Avogadro’s number, mwater ≈ 1000 kg/m3 denotes the mass density of
water, M = 18 g/mol is the molar mass, and the factor 2 arises from the fact that
there are two hydrogen atoms per water molecule. This density is very similar to the
proton density of immersion oil that is about 50 nm−3 [42,50,120] to 60 nm−3 [63,66]
or even (68 ± 5) nm−3 [51]. Since coating the diamond with such immersion oil
is providing enough protons to be detected by NV NMR techniques [51, 120], a
thin immobilized water layer on the diamond surface might also supply a sufficient
amount of proton spins.

In the next two sections, we will conduct more experiments with the goal to shed
further light onto these two hypotheses. To be specific, we will modify the diamond
surface by switching from the oxygen termination to a deuterium termination in
section 3.3, and we will cool the diamond sample to sub-zero degree Celsius to create
frozen water ice on the diamond surface in section 3.4. Both of these approaches
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could have an effect on the detected proton NMR and thereby potentially provide
new avenues to characterizing the protons’ origin.

3.3 Deuterium Termination
We have speculated above that the observed proton NMR signal might originate from
chemically bonded hydroxyl groups on the oxygen terminated diamond surface, that
are introduced when we tri-acid clean the diamond [141], as shown in Figure 3.11.
Here, in order to test this hypothesis, we manipulate the diamond’s surface termina-
tion and measure whether there is any change in the observed proton NMR.
Hydrogen (H) termination of the diamond surface is a well understood process [148–
151], and we have access to the necessary facilities in house. However, by hydrogen
terminating we would add yet another source of protons to the system which would
unnecessarily complicate our study. Instead, we use the in-house facilities to terminate
with heavy hydrogen, i.e. deuterium (D), that has a different gyromagnetic ratio than
protons and thus appears at a different point in the NMR spectrum. To achieve this
D-termination, we follow the H-termination recipe from [148], but replace the water
supply with heavy water, such that in the end, the diamond is annealed in a pure
D2 atmosphere at 750 ◦C for 6 hours. We expect that the resulting deuterium surface
termination is predominately defined by C-D bonds (see Figure 3.11), similar to the
C-H bonds one would expect from a hydrogen terminated surface [151].

HO

D OHO D HO

OO

D D D D D D

O

O O

Figure 3.11: Tri-Acid cleaning results in
an oxygen terminated surface (blue), that
contains hydroxyl groups (OH) which we
hypothesize could be the origin of the
proton NMR we detect on clean dia-
mond. Deuterium terminating the dia-
mond (green) yields a surface of mostly C-
D bonds, however, due to band-bending in-
duced by the H- (or D-) termination, the
NVs under such a surface are in the NV0

charge state that cannot be used for surface
NMR experiments. To restore the charge
state, we illuminate the sample with green
light and thereby obtain a surface (red) of
mostly C-O-C, C-OH and C-D bonds.

There is one caveat, however, in that we cannot measure Spin-Lock NMR under a
deuterium terminated diamond surface, because the NVs under D-termination have a
different charge state. Specifically, only the NV− charge state is usable for our exper-
iments, and while NV− is the stable charge state in an oxygen terminated diamond,
it is not stable under a H-terminated surface [149,150]. This is because shallow NV−

centers tend to lose an electron and become NV0 when the surface is hydrogen ter-
minated, a process that is attributed to the energy band bending induced by the
hydrogenated surface [149,150]. Because hydrogen and deuterium have near identical
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chemical properties, we assume that the same charge-state stabilization to NV0 occurs
under deuterium termination. We have confirmed this assumption by measuring an
absence of NV− ODMR signatures in nanopillars where there has clearly been NV−

ODMR before D-terminating the diamond.
In order to reset the NV charge-state in deuterium terminated diamond back to NV−

without tri-acid cleaning, we illuminate the diamond sample with a green laser of ap-
proximately 2 mW power. Such continuous exposure to green light alters the chemical
composition of the surface and thereby affects the surface induced band bending, and
in H-terminated diamond specifically it restores the NV− charge state [152]. In the
case of our D-terminated diamond, the same charge-state conversion to NV− occurs.
We observe this conversion process as a gradual increase in PL and ODMR contrast
throughout the illumination period until similar ODMR quality is achieved as before
the deuterium termination.
Zuber et al. [153] suggest that the surface after laser-assisted restoration of the NV−

charge-state consists of mostly hydroxyl (C-OH) and ether-like (C-O-C) groups, with
a small remainder of deuterium bonds (C-D), as depicted in Figure 3.11. Notably,
theoretical work suggests that this chemical surface composition (proposed with C-H
instead of C-D) is ideal for NV− spin stabilization [150].
Importantly, this charge-state converted surface exhibits a different chemical com-
position compared to the O-terminated surface prepared by tri-acid cleaning, and
it is thus very likely that the hydrogen surface density is different than before this
treatment. Therefore, if the hydrogen nuclei of such surface-bound groups are indeed
the origin of the proton NMR we detect, we would expect to observe a different NMR
signal on these two surfaces.

To verify this hypothesis, we measure Spin-Lock proton NMR on NVB2 in diamond B,
first with an O-terminated surface and subsequently with a D-terminated surface
that was illuminated with 2 mW of green light for half an hour to re-stabilize the
NV− charge state. The result of these experiments is shown in Figure 3.12. For each
surface, we have first measured ∆01, T res

1ρ and T off
1ρ to determine the ideal value for

the spin-locking duration τ , as described in section 3.1.2. The NMR spectrum is
then taken at this optimal τ , here being 215 µs for the O-termination, and 280 µs for
the D-termination. In addition, we play two coherent MW tones of 2.0 and 2.4 MHz
in these experiments, resulting in the two strong dips at these frequencies, which
we use to calibrate the x-axis instead of the usual conversion via Rabi experiments
(see section 3.1.1) in order to speed up the experimental routine. Each of the two
experiments integrated for exactly 4 hours.
The amplitude of the NMR features generated by the artificial MW tones is a much
larger than the proton NMR, and two of the dips even show a contrast of C > 1.
This is attributed to the coherent nature of the MW tone, which effectively drives
Rabi oscillations on the dressed states during the Spin-Lock sequence, leading to an
NMR contrast that oscillates between values of C = 0 and C = 2 as a function of τ .
Furthermore, the NMR features are much broader than the proton dips. Given that
these data were taken on a different setup than all other data presented in this thesis,
and specifically than the data from Figure 3.7 (A) where the MW tone has a similar
width as the proton feature, we assign the broad linewidth measured here to noise
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(A)  Oxygen Termination (B)  Converted Deuterium Termination

Protons
Protons

Figure 3.12: Spin-Lock NMR taken on NVB2 near the ESLAC, for (A) an oxygen
terminated surface obtained from tri-acid cleaning the diamond, and (B) a deuterium
terminated surface that was exposed to green laser light to restore the NV− charge
state of NVB2. Both NMR spectra were taken at their respective ideal value for τ
(see section 3.1.2) and with two artificial MW tones of 2.0 and 2.4 MHz for calibra-
tion of the x-axis. We find that the SNR is approximately doubled for the converted
D-terminated surface, indicating an increase in the detected protons’ density, that is
in line with the observed decrease in T pro

1ρ (= the proton contribution to T res
1ρ ). Fur-

thermore, we observe an increase in the off-resonant relaxation time T off
1ρ , suggesting

that the D-terminated surface produces less magnetic background noise.

on the MW tone frequency introduced by the cheaper and less high-end signal MW
hardware in this secondary setup.
Let us now discuss the proton feature: The data from Figure 3.12 reveals that the
SNR of the proton NMR dip has almost doubled after the deuterium treatment, from
(1.90 ± 0.65) to (3.66 ± 1.02). This increase in SNR, according to equation (3.8), can
be attributed to either or both of the following two factors: An increase in the proton
surface density which leads to a stronger proton signal and thus a shortened T res

1ρ , or
a reduction in magnetic background noise due to the change in the chemical surface
composition which leads to a prolonged T off

1ρ .
And indeed, we measure that the off-resonant relaxation time of the O-terminated
surface is T off

1ρ = (459 ± 42) µs, and (805 ± 80) µs for the converted D-terminated
surface – which is almost twice as long. This indicates that the background noise
has significantly reduced, which is consistent with the claim that the laser converted
hydrogen terminated surface (respectively deuterium in our case) provides improved
NV spin properties for sensing [150].
To investigate to what extend the surface hydrogen spin density has been altered,
we calculate its contribution to T res

1ρ . The faster decay on resonance compared to the
off-resonant case (T off

1ρ ) can be attributed to an additional decay component TH
1ρ that
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is solely due to the proton presence. Mathematically, these decay rates are related by

1
T res

1ρ

= 1
T off

1ρ

+ 1
TH

1ρ

such that TH
1ρ =

(
1
T res

1ρ

− 1
T off

1ρ

)−1

. (3.10)

Using the measured values for T off
1ρ and T res

1ρ , equation (3.10) yields that
TH

1ρ = (2726 ± 244) µs for the O-terminated surface, and (853 ± 139) µs on the
converted D-terminated surface. This drastic reduction in TH

1ρ indicates that there
is a stronger proton signal originating from the converted D-terminated surface,
suggesting a larger proton density compared to the O-terminated surface. In
addition, the width of the NMR dip has approximately halved, reducing from
∆fNMR = (33.3 ± 18.1) kHz on the O-terminated surface to (14.6 ± 6.1) kHz on the
converted D-terminated surface, indicating that the width-limiting properties of
the proton spin bath (see section 3.2.3) have changed. For example, if the observed
proton spins are provided by a thin layer of immobilized water, the reduction
in ∆fNMR could be explained by a reduced molecular diffusion rate on the new
surface, for example because of a smaller surface hydrophilicity (leading to a thinner
water layer and thus more strongly suppressed diffusion), or because of a larger
water to surface binding energy (which directly decreases the water self-diffusion rate).

We conclude that the surface treatment performed here is indeed affecting the source
of the protons we detect. Specifically, we find evidence that the proton density of
the proton bath seems to have been increased by the deuterium termination and
subsequent green illumination. Later, in section 5.3.2, we will revisit these data and fit
them with theoretical models for depth determination, where we will conclude that the
surface proton density increases by a factor of about two during the conducted surface
treatment – which agrees with the conclusion drawn from the analysis done here.
Furthermore, the data presented here provide evidence that the surface treatment
with deuterium and laser light causes not only an increased proton density, but also
reduced magnetic background noise. For envisioned depth determination based on the
NMR signal of these protons, the converted D-terminated surface would therefore be
superior compared to the O-terminated surface in terms of SNR and thus sensitivity.
Overall, these results suggest that if the observed protons are due to surface-bound
groups containing hydrogen, then D-terminating and subsequently illuminating the
surface with a laser would increase the density of these hydrogen-rich groups. Alter-
natively, if the observed protons are due to a layer of immobilized water, then our
data indicates that on the laser treated D-terminated surface, the amount of water
molecules in this adsorbate layer is increased, for example because this surface might
be more hydrophilic than the O-terminated surface.

3.4 Towards Water Ice NMR
The proton NMR we observe in our Spin-Lock experiments could originate from
a sub-nanometer thin contact layer of water on the diamond surface. As we have
already mentioned above, recent studies have shown that the molecular diffusion in
such a two-dimensionally nanoconfined layer of water is strongly suppressed [142,
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143], leading to a solid-like molecular behaviour that is well in agreement with our
findings from section 3.2. In addition, there is evidence that such a nanoconfined
layer of non-evaporating water is always present on diamond surfaces under ambient
conditions [147].
Here, we investigate the possibility that we are indeed measuring the NMR signal
of protons in such a water layer. To that end, we aim to bring the diamond sample
to a temperature below 0 ◦C in order the freeze the surface water layer to water
ice. The molecular structure of the water layer is expected to change during the
phase transition to ice, and therefore key properties relevant to the resulting NMR
width could be altered, in particular the water-water interaction strength, the 1H spin
density and the molecular self-diffusion rate. Therefore, if the proton NMR we observe
is indeed originating from such a water layer, there is a chance that we can discern
the different states of aggregation with Spin-Lock NMR by monitoring the linewidth
∆fNMR. On the other hand, if the protons were to stem from surface-bound OH
groups, we expect no significant change in the NMR width. This experiment is very
exploratory in nature, because the molecular properties of a nanoconfined water layer
with suppressed diffusion are not well understood, and they could actually be very
similar to those of ice, in which case we might not see a any difference in NMR between
these two water phases.
To freeze water on the diamond surface, we aim to stabilize the diamond sample at
−5 ◦C in our ambient room-temperature setup. For this, we use the same thermoelec-
tric arrangement as described earlier in section 3.2.4. However, keeping the diamond
at sub-zero temperatures for an extended amount of time leads to the condensation
of water from the surrounding air, that then freezes to a thick layer of ice, as shown
in Figure 3.13. This layer of ice prevents us from focusing the green laser onto the
NV, and it complicates antenna positioning for MW delivery.

Diamond Peltier Figure 3.13: In order to bring the diamond to −5 ◦C,
we mount the diamond on a thermoelectric peltier ele-
ment (ThorLabs TECF1S) with a thermistor (Thor-
Labs TH10K) for temperature control via an elec-
tric feedback-loop. However, under ambient condi-
tions, within just one hour, water condensation leads
to the formation of ice all over the sample holder, mak-
ing it impossible to focus the laser onto the NV.

We attempt to overcome this problem by continuously blowing nitrogen gas onto the
diamond sample. This N2 gas is dry and can therefore prevent ambient humidity from
condensing on the cold diamond. Note that the diamond sample is mounted upside-
down, i.e. the nanopillars containing the NVs are on the bottom surface to provide
proper wave guiding. Consequently, while the nitrogen gas keeps the top surface dry
to ensure a good laser focus, the water layer on the lower surface is expected to be
unaffected by the stream of N2 and can freeze to ice.
However, this flow of room-temperature warm N2 gas is heating up the diamond. To
still achieve an equilibrium temperature of less than 0 ◦C, we build a contraption to
cool the nitrogen gas with dry ice before blowing it onto the diamond. In addition, we

https://www.thorlabs.com/thorproduct.cfm?partnumber=TECF1S
https://www.thorlabs.com/thorproduct.cfm?partnumber=TH10K
https://www.thorlabs.com/thorproduct.cfm?partnumber=TH10K
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add CPU cooling fans to the sample stage that serves as the heat sink for the peltier
element, which improves the overall cooling power of our system.
To test whether this new thermal arrangement is working as intended, e.g. whether
it provides water ice in a thermally stable fashion on the bottom surface, and a dry
top surface at the same time, we mount the diamond such that the nanopillars are
pointing into a thin slit, that we then fill with de-ionized water. This way, we work
with a macroscopic amount of ice instead of just a nanometer thin layer, and can
thus check by eye if the setup performs well. As shown in the images in Figure 3.14,
we begin at ∆t = 0 min with freezing the water in the slit, which takes roughly ten
minutes. At this point, ∆t = 10 min, we turn on the nitrogen flow. About 50 minutes
later, ∆t = 1 hour, we can see that there is still frozen water ice underneath the
diamond sample, while the top surface is dry enough for the laser to be focused onto
the NV under investigation. This is where we can start measuring, and we find that
our arrangement does indeed work well for a timescale of about one to two hours.
However, after ∆t > 3 hours, the ice in the slit starts to disappear. For example, the
situation at ∆t = 4.5 hours is shown in Figure 3.14 (D).
The fact that ice is first forming but then vanishes again after a few hours is indicative
of a overheated heat sink that reduces the cooling power of the Peltier element for
∆t > 2 hours. In addition, the formation of ice on the sample holder increases the
total mass that needs to be cooled, which is further reducing the effective heating
as a function of time. We therefore conclude that our setup is never arriving in a
thermal equilibrium where water ice can exist in a stable manner underneath the
diamond. Moreover, the time window of one to two hours where the ice persists is
not satisfactory for us, because we often integrate NMR experiments much longer to
achieve SNR > 5. For these reasons, our setup is not suited for freezing water on the
diamond nanopillars in a thermodynamically stable fashion. Consequently, we did not

(A) (B) (C) (D)
Diamond Water Ice Melting

Figure 3.14: Images of the water ice experiment (A) We begin with filling the slit
underneath diamond A with DI water to submerge its diamond nanopillars in water,
and then we start to cool down the diamond. (B) After ten minutes, the water is
frozen, and we turn on a nitrogen gas flow (plastic tube) of about two liters per hour
to keep the top diamond surface dry. (C) About fifty minutes later, there is still
water ice on the lower diamond surface, while the top surface seems clean and dry.
(D) Roughly 4.5 hours since we first started to cool down, we observe that the ice
has begun to vanish from underneath the diamond, indicating that the heat sink of
the Peltier element is overheating, such that the system is no longer in a thermal
equilibrium where ice can exist.
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even try to cool down without first adding lots of water, and thus have no data for
freezing just the nanometer thin layer of water we propose might be located on the
diamond surface.
We did, however, attempt to measure NMR on the macroscopic amount of ice that
was visible in the slit for a few hours. These experiments require constant recali-
bration of the NV position, the ODMR resonance and the MW power at the NV
position, because various elements of the setup are moving due to thermal expan-
sion and contraction of the involved metal components (which is one more indi-
cator that the system is not in an equilibrium state). Consequently, we measure
NMR in only 13-minute-long experiments between which it takes about 5 minutes
to recalibrate the Spin-Lock sequence. We start the first of these repetitions at
around ∆t = 1 hour. Averaging the first three individual NMR experiments, span-
ning ∆t from 1.5 to approximately 2.5 hours yields the NMR spectrum shown in Fig-
ure 3.15 (A). Similarly, in Figure 3.15 (B) we plot the average of the seventh to
ninth repetitions, corresponding to ∆t from 3.3 to 4.2 hours, where the ice has at
least started to melt or is already entirely gone. Even though the NMR spectra are
quite noisy, we do find that they show different NMR linewidths that lie outside each
other’s fit error range.
Therefore, we do indeed observe a change in ∆fNMR between the two aggregate states
of water, indicating that we are indeed measuring a signature of water ice 1H NMR.
Specifically, the measured width is smaller for the liquid state compared to the solid
state, which is consistent with the concept of motional narrowing [104,139]. Motional
narrowing can be understood as follows: The dipole-dipole interaction, as shown in
equation (A.16), depends on the relative orientation of the two interacting spins.

(A)  Water Ice (B)  Dry Surface

Figure 3.15: Spin-Lock NMR recorded on NVA1 at a magnetic bias field near the ES-
LAC, using the thermal setup shown in Figure 3.14. (A) Measuring Spin-Lock NMR
for one hour in a time range where we assume that the NV nanopillar is surrounded
by a macroscopic amount of water ice yields ∆fNMR = (36 ± 8) kHz. (B) Conversely,
measuring in a time interval where the ice appears to have vanished (or has at least
started to melt), reveals ∆fNMR = (22 ± 4) kHz. Due to strong fluctuations and drifts
in the system, the experiment had to be recalibrated every 13 minutes. Each of the
spectra shown here are the average of three such 13-minute NMR measurements.
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Consequently, for nuclear spins in neighbouring liquid-state molecules that are quickly
rotating and tumbling, this interaction averages out on the timescale of an NMR
experiment. Meanwhile in a solid, the molecules are relatively frozen in orientation,
such that the magnetic dipole-dipole interaction between nuclei is not vanishing in the
time average. Instead, it is non-zero and takes on different values for all the different
molecule pairs in the NMR sample. As such, it leads to a homogeneous broadening
of the NMR line compared to the liquid case. Our data might indicate this motional
narrowing effect between the liquid and solid phases of the macroscopic amount of
water.
Let us close this section with three more comments. First, we point out that our NMR
linewidth measurements are very noisy. Comparison with the results shown in Fig-
ure 3.10, where we measured ∆fNMR of the same NV at higher temperatures, reveals
that the observed width varies between 20 and 40 kHz, such that one needs to be
careful with making any definitive conclusion based on just the two widths measured
here. Second, we note that multiple experimental runs of forming and subsequently
melting macroscopic amounts of water ice on the diamond nanopillars has not dam-
aged these pillars. Instead, all nanostructures seem unchanged, no significant amount
of dirt is deposited during the ice process, the optical properties of the NVs inside the
pillars remain the same, and even the crystal bond used to glue to diamond sample
to the sample holder survives the sub-zero temperatures and potential exposure to
liquid and frozen water. Finally, we note that once a stable setup for freezing water
on the diamond surface has successfully been engineered, it could not only be used to
study the nanometer thin layer of water we hypothesize might be on the diamond sur-
face, but also to create a proton environment on the diamond surface in a controlled
fashion for NMR depth determination – similar to applying immersion oil, but with
the great benefit that water ice can easily be removed simply by heating the sample.

3.5 Outlook
In conclusion, in this chapter we have introduced the Spin-Lock sequence as an
alternative approach to NMR compared to the established XY8-k protocol, and we
have used it to measure a presence of 1H nuclear spins in tri-acid cleaned diamond
samples. Based on the experimental results from section 3.2 we have proposed two
reasonable options for what the origin of these spins might be: Either chemical groups
that contain hydrogen and are attached to the O-terminated diamond surface, and/or
a thin layer of nanoconfined water. In section 3.3, we have modified the surface
termination and thereby observed a change in the 1H NMR signature, meaning that
the chemical composition of the diamond surface seems affect the proton spin bath
that we measure via NMR. In particular, our results suggest that on the laser-treated
D-terminated surface, the density of surface proton spins is increased compared to
the O-terminated surface. The water ice experiments from section 3.4 failed to shed
any light on the origin of the ubiquitous surface spins, yet we report progress towards
engineering a system that allows for freezing water on the diamond surface in a
controlled manner, and we even provide first preliminary data of water ice NMR.
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Looking forward, there are multiple ways to proceed with the characterization of
the proton spins’ origin. To further study the possibility that hydrogen related
chemical surface groups are responsible for the proton NMR we observe, we propose
to perform a different method for oxygen termination instead of tri-acid cleaning, for
example by annealing in an oxygen atmosphere, which could lead to a different OH
concentration on the diamond surface [141]. Alternatively, while X-ray photoelectron
spectroscopy (XPS) cannot detect hydrogen [154], it can detect OH groups. If such
OH groups are the dominant contribution to the proton spin bath that we measure
in NV NMR, assessing the surface density of these groups with XPS spectroscopy
could give a good initial estimate on the overall proton density. Finally, as an
alternative way towards determining the surface density of the detected protons, it
could be worthwhile to experiment with adding immersion oil to the diamond sur-
face, measure XY8-k proton NMR, and analyse the resulting NMR spectra with the
established depth determination method [51]. We will follow this route in in chapter 5.

In order to continue the investigation of NMR on both macroscopic and nanometer
thin water ice on the diamond surface, we propose to cool down the diamond to
sub-zero degrees in a closed environment (essentially a small fridge) with a nitrogen
atmosphere. Such an enclosure would not only prevent the condensation of water from
the ambient air, but it would also allow for thermal isolation from the environment
and would therefore drastically facilitate the thermal control of the system, making
it much easier to achieve a thermal equilibrium.

Figure 3.16: On-Chip MW delivery line,
following the design of Opaluch et al. [155].
An omega-shaped gold strip line (true-to-
scale sketch in the top left, with the dia-
mond shown in blue) is evaporated onto a
glass plate, that is glued to a titanium sam-
ple holder with crystal bond. To connect
to the SMA cables carrying the MW sig-
nal, we attach a PCB board with a ground
backplane, and contact it with wire bonds.

The main engineering challenge in constructing such a fridge is to deliver the laser
and in particular the MW signal to the diamond inside the enclosure. Specifically,
the gold wire loop antenna we are currently working with is not suitable for this. For
this reason, have already worked towards an on-chip strip line antenna, that could
be placed underneath the diamond in the envisioned thermal enclosure, following the
design from Opaluch et al. [155]. We show a picture of one of our latest prototypes in
Figure 3.16. However, the on-chip delivery lines we have made so far do only provide
rather small MW amplitudes leading to maximal NV Rabi frequencies of Ωmax

R ≈
2.8 MHz, which is significantly less than what Opaluch et al. have achieved. Moreover,
our prototypes suffer from mechanical instability, and it is yet to be confirmed whether
there is sufficient thermal conductivity for cooling to sub-zero degrees Celsius. Further
development of the on-chip antenna is required to realize water ice NMR in a closed
nitrogen gas environment.



CHAPTER 4

Comparison of Spin-Lock and XY8 for NMR

Nanoscale NMR with NV centers in diamond [43–45] is a technique that is capable
of detecting magnetic radio-frequency signals of precessing nuclear spins in nanoscale
samples. We have demonstrated this in the previous chapter, where we employed NV
NMR to characterize an ubiquitous presence of 1H nuclear spins on oxygen terminated,
clean diamond surfaces. In this chapter, we continue to do such NMR experiments, but
we now focus on the measurement technique itself, i.e. the employed spin manipulation
sequence. This sequence is key to the success of NV NMR experiments, because it is
this pulse sequence that makes the NV spin sensitive to the target nuclear spins in
the first place (see section 1.5), and that therefore enables the necessary frequency
selective spectroscopy of nuclear magnetic signals.
There are two intrinsically different types of sequences that can be employed for NMR.
The one that is most commonly encountered in NV NMR related research is the
family of pulsed dynamical decoupling schemes. These protocols consist of a sequence
of equally spaced MW π-pulses, often with alternating phases. Many people who
employ such pulsed dynamical decoupling for their NMR experiments use the XY8-k
sequence [45, 46, 50, 66–68, 120], that we have previously introduced in section 1.5.4.
The operating mode of XY8-k NMR is very well understood, as it has not only been
described in detail with the filter function formalism [3,38,111], but people have also
rigorously modelled the resulting NMR coupling to nuclear spin baths [51]; a model
that we present later in section 5.1.2.
The second type of NMR protocols are continuous dynamical decoupling sequences,
that induce the coupling of NV spin and NMR target during a single MW pulse,
with the prominent example being the Spin-Lock sequence. We have introduced this
sequence in section 1.5.5, and we have used it for the NMR experiments presented
in the previous chapter. Besides the results of this thesis, there is other work that
has utilized spin-locking for NMR. For example, it has been demonstrated that spin-
locking can be used for measuring the NMR signal of hydrogen in immersion oil on
the diamond surface [63], that it can access high frequency NMR regions that cannot
be probed with XY8-type protocols [156], and there is theoretical work that proposes
that Spin-Lock NMR could be utilized to resolve the molecular structure of nanoscale
NMR samples [49].
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Despite all this NMR work conducted with both the XY8-k and the Spin-Lock se-
quences, there is a lack of knowledge in how these two sensing schemes compare to
each other in terms of NMR sensitivity, frequency resolution, ease of use, and/or
general applicability to nanoscale NMR. Given that these sequences operate entirely
differently – that is a pulsed dynamical decoupling approach based on the random-
ization of the NV spin’s quantum phase, versus a continuous decoupling technique
that relies on spin population relaxation in the rotating frame – it is entirely possible
that these two sequences differ substantially with regard to the aforementioned prop-
erties; meaning that either of them could be significantly better suited for NV NMR
applications than the other.
Here, we measure the proton NMR signal that we characterized in the previous chap-
ter, using both the XY8-k and the Spin-Lock sequence, and rigorously compare the
resulting NMR spectra. We thereby demonstrate that the Spin-Lock sequence is in-
sensitive to undesirable harmonic frequencies (section 4.1), achieves up to 2.5 times
higher sensitivity (section 4.2), and yields a higher spectral resolution (section 4.3), all
while being simpler to implement experimentally (section 4.4). Based on these results,
we conclude that Spin-Lock is superior to XY8-k for nanoscale NMR applications.

4.1 Harmonic Frequency Contamination

When we introduced the XY8-k sequence in section 1.5.4, we have discussed how
its filter function does not only exhibit a main peak at the frequency fNMR = 1/(2τ)
where τ is the π-pulse spacing, but there are also harmonic side peaks at odd multiples
of fNMR. Furthermore, due to the non-zero width of the π-pulses, there are many
additional peaks, including 1

2fNMR and 1
4fNMR [119]. For NMR applications, all these

harmonics are problematic when there are multiple nuclear spin species in the NV
center’s proximity, because it can drastically complicate the identification of individual
NMR dips. This issue becomes especially inconvenient when the gyromagnetic ratios
of two different nuclei are multiples of each other, because in this case the main NMR
feature of one spin overlaps with the harmonic dip of another spin.
For the proton NMR measurements that we perform with NV centers in diamond, 13C
spins in the diamond lattice cause exactly this problem: Their gyromagnetic ratio is
γC = 2π×1.07 kHz/G, which is pretty close to one fourth of the proton gyromagnetic
ratio γH = 2π × 4.2577 kHz/G [80]. Consequently, at the magnetic fields of 400 to
500 G we are working with, the 1H main peak and 13C fourth harmonic peak only
differ by 10 to 13 kHz, which is on the order of the NMR linewidth ∆fNMR we observe;
meaning that it is near impossible to tell the two resonances apart in XY8-k NMR.
This is a major problem for any NMR application that requires a quantitatively
accurate measurement of the proton NMR feature, such as for example single NV
depth determination [51].
The Spin-Lock sequence, on the other hand, is not a periodic function and as such,
we do not expect it to be sensitive to higher harmonics. Therefore, it appears likely
that it is a remedy to the described problem in XY8-k NMR spectroscopy. To test
this, we measure NMR of the surface protons characterized in chapter 3 with both an
XY8-k and a Spin-Lock sequence. For this, we use NVB1 that is hosted in diamond
sample B, which is not isotopically purified and is thus expected to contain a natural
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abundance of 13C nuclei (see the appendix A.2 for a detailed description of the dia-
mond samples). The resulting spectra are shown in Figure 4.1 (A), where the XY8-k
data are normalized in the same way as the Spin-Lock data (see section 3.1.1). The
data are demonstrating quite clearly that the spin-locking measurement is only de-
tecting a single NMR dip with a frequency fNMR = (2.145±0.820) MHz that matches
the expected proton Larmor frequency ωL = γH|Bext| = 2.150 MHz (dashed line),
where for this experiment |Bext| = 505 G. The XY8-k spectrum, however, reveals a
multitude of overlapping NMR features. Based on this, we conclude that there are
plenty of spurious magnetic signals that the XY8-k is collecting in addition to 13C
harmonics, while the Spin-Lock sequence is protecting the NV spin from them.
Taking the same experiments at a lower magnetic field of |Bext| = 417 G, further
away from the ESLAC, results in the NMR spectra depicted in Figure 4.1 (B). While
the Spin-Lock NMR is still showing just a single Lorentzian NMR dip at the proton
Larmor frequency, the XY8-k measurement is once more showing multiple features.
However, there are less NMR signals compared to the 505 G case, such that it is
possible to make out the NMR dip generated by the main resonance with 1H nuclei
and the forth harmonic of 13C nuclei (dashed line). In addition, we obtain a clear
NMR dip at a slightly higher frequency of approximately fNMR = 1.976 MHz which
corresponds to a gyromagnetic ratio of roughly 4.74 kHz/G. This matches neither the
gyromagnetic ratio, nor the 2nd, 3rd, 4th, or 5th harmonic of any relevant nuclear
spin [80], in particular not of 13C, 14N, 15N, 17O, 19F, or 29Si which are the elements
most likely to be present in the diamond lattice or on its surface.
Our other sample, diamond A, is isotopically purified and contains a negligible amount

(A) (B)

Spin-Lock

Figure 4.1: Comparison of the Spin-Lock and XY8-k NMR spectra recorded on
NVB1 in diamond B, a sample that contains a natural abundance of 13C spins. (A)
At 505 G, the NMR taken with an XY8-60 sequence results in a spectrum that exhibits
a multitude of different features around the proton Larmor frequency, while the Spin-
Lock sequence returns a clean, single-frequency NMR dip at the expected proton
Larmor frequency (dashed line). (B) Taking the same experiment at a lower field
of 417 G yields an XY8-60 NMR spectrum with less perturbing features, such that a
single Lorentzian dip at the proton Larmor frequency can be identified. This indicates
that the NMR contamination in XY8-k might depend on the hyperfine coupling at
the ESLAC near 500 G.
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of 13C isotopes in its lattice (less than 10 ppm). If we perform the same NMR measure-
ments on NVA2 in this diamond, we find that both sequences result in a plain NMR
spectrum with a single dip at the proton Larmor frequency, as shown in Figure 4.2.
Since diamond A and B were both cleaned in the same way prior to these measure-
ments (tri-acid boiling), we assume that their surfaces are identical, and thus conclude
that the XY8-k NMR contamination that we obtain on diamond B originates from
defects and/or spins within the diamond lattice that do not exist in the isotopically
purified diamond A. Crucially, on the purified diamond A the two sequences yield
very similar NMR contrasts C, meanwhile on diamond B the XY8-k sequence returns
a significantly higher contrast at the proton Larmor frequency than Spin-Lock. This
is indicative that on diamond B, there is indeed a harmonic 13C contribution to the
dip in XY8-k NMR that is not present on diamond A.

Spin-Lock
XY8-80

Figure 4.2: Comparing the NMR spectra
of Spin-Lock and XY8-k on NVA2, that
is hosted in the isotopically purified di-
amond A, reveals that there are none of
the spurious signals present that were ob-
served with NVB1 (see Figure 4.1). This is
a strong indicator that the 13C spin bath
of diamond B is responsible for the fea-
tures observed on NVB1. The data were
recorded at 515 G with a spin-locking du-
ration of τ = 150 µs and an XY8-k block
repetition amount of k = 80.

We now make speculations on the origin of the spurious signals that surround the
proton dip in Figure 4.1 (A). Since these signals are broader and more numerous near
the ESLAC at 515 G, we propose that their source might be inhomogeneous hyperfine
coupling between the NV spin and nearby 13C nuclei in the lattice, whose precession
frequency is known to be modified if the 13C atom is very close to the NV center [112].
Alternatively, it could be ESLAC-mediated cross-resonances with the electron spins
of nearby substitutional nitrogen atoms [157], so-called P1 centers, which hyperfine
couple to the 13C bath at magnetic fields near the ESLAC. However, the P1 spin
transition frequencies do not match the NMR frequencies that we measure unless some
sort of frequency down-conversion occurs. An alternative explanation for the observed
NMR features in NVB1 might be beatings in XY8-k time traces, a phenomenon that
we measure and discuss in chapter 6.
In conclusion, while we cannot properly explain the origin of the NMR contamination
in XY8-k based on our data, we provide experimental evidence that it stems from
impurities and/or 13C spins in the diamond lattice that are sensed by the XY8-
k sequence as harmonic frequencies. The Spin-Lock sequence, on the other hand,
seems to protect the NV spin from the signal of these impurities and/or spins, as it
produces a single NMR line independent of the purity of the diamond sample. For
any NV NMR application that relies on measuring a single NMR signature, our data
therefore suggest that – especially whenever a diamond without isotopic purification
is used – the spin-locking approach is the better choice than XY8-k.
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4.2 Sensitivity
We will now investigate how the sensitivity achieved by NMR with the Spin-Lock and
XY8-k sequences compares to each other. In section 3.1.2 we have seen that for Spin-
Lock NMR, the SNR depends strongly on the total sequence duration – that is the
spin-locking duration τ – and we have developed a model that describes the functional
dependency of SNR(τ), the result of which is given by equation (3.8). At its core, the
model is based on the fact that the NMR dip in Spin-Lock is ultimately caused by a
decrease in the rotating frame spin relaxation time T1ρ when the resonance condition
with the NMR target is met. Similarly, in XY8-k NMR, the fundamental mechanism
is a decrease in the spin coherence time T xy

2 on NMR resonance, and for this reason
it is possible to model the XY8-k SNR in the exact same fashion. To that end, we
follow the derivation we have presented in section 3.1.2, but we replace the two T1ρ

decay times with the corresponding T xy
2 times, and substitute the spin-locking time

τ with the XY8-k sequence duration 8kτ , where τ denotes the π-pulse spacing. This
π-pulse spacing is swept to generate the NMR spectrum, however the XY8 repetition
number k is a free parameter that we can use to modify the total sequence length.
This results in a functional dependency SNR(k), yielding

SNR(k) = ∆01

σ
√

8kτ + T0

(
exp

[
−
(

8kτ
T xy,off

2

)α
]

− exp
[

−
(

8kτ
T xy,res

2

)α
])

. (4.1)

Importantly, as discussed in section 1.5.4, the exponent α is equal to one for a coher-
ence decay as a function of k and with a constant value for τ as is the case here [118].
Thus, we hereafter fix α = 1. In conclusion, based on equations (3.8) and (4.1), we
predict that both Spin-Lock and XY8-k exhibit a SNR that depends strongly on
the total sequence duration. Consequently, in order to compare their SNR in a fair
manner, it is necessary to first maximize the SNR of each sequence by tuning the
respective sequence length.
Under such ideal conditions, we then expect the Spin-Lock sequence to provide a
higher SNR. This is because the NV spin is coupled to the proton spin bath throughout
the entire Spin-Lock sequence, while in a XY8-k sequence of equal total duration, the
effective interaction time is shorter due to the non-zero π-pulses during which no
coupling with the nuclear spin bath occurs – instead the relevant quantum phase
is acquired in the free evolution between the pulses. Differently put, when ignoring
experimental overhead, the Spin-Lock sequence is coupling the NV spin to the NMR
target with a 100 % time efficiency, while the XY8 sequence “wastes” a certain amount
of time playing π-pulses. In the following, we will denote the fraction of time that is
spent playing pulses as Pπ := (π-pulse length)/(π-pulse spacing), and for any Pπ > 0,
we expect XY8-k to show a lower SNR within the same measurement time – and thus
a lower sensitivity – than the Spin-Lock sequence.
To test this hypothesis, we measure the proton NMR on NVB1 at 417 G with both
Spin-Lock and XY8-k as a function of sequence duration, where every NMR spectrum
is taken with 51 pixels, and is integrated for exactly two hours. The resulting SNR of
these NMR spectra is shown in Figure 4.3, where the solid lines are the predictions
of equations (3.8) and (4.1). Clearly, the model is capturing the correct functional
dependency of the SNR on the respective sequence length. Moreover, the model pre-
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dicts maximal SNR at 52 µs ≈ 0.45 · T off
1ρ for Spin-Lock, and 60.6 µs ≈ 0.39 · T xy,off

2
for XY8-k. Note that we have here only measured the respective off-resonant decay
times, and have obtained the resonant coherence times by fitting equation (3.6) to
the experimental contrast data.

Spin-Lock
XY8-k

Figure 4.3: Comparison of the SNR
achieved by Spin-Lock and XY8-k NMR
experiments, measured as a function of to-
tal sequence duration. In the case of Spin-
Lock, the sequence length is given by the
spin-locking duration τ , and for XY8-k it
is 8k times the π-pulse spacing. The solid
lines are fits of equation (3.8) and (4.1).
We expect Spin-Lock to achieve a higher
SNR than XY8-k, due to its higher rel-
ative interaction time, however, the data
demonstrate the opposite. We think this
is due to harmonic contaminations adding
to the fitted NMR contrast in XY8-k.

Importantly, for the XY8-k sequence employed here, we used Pπ = 31 %, such that the
free evolution time between π-pulses makes up only about 69 % of the total sequence
duration. As explained above, we thus expect that the SNR maximum of XY8-k is
lower than the Spin-Lock SNR maximum. However, the data demonstrate quite the
opposite in that XY8-k actually achieves the higher SNR values. Since we are using
NVB1, we suspect that this is due to the harmonic 13C contaminations in XY8-k
which we have discussed in the previous section, that lead to XY8-k acquiring a
stronger signal (13C and 1H) than Spin-Lock (1H only). In other words, it is very
likely that there are harmonic 13C contributions to what we identify and fit as the
proton dip, essentially increasing the fitted contrast C and thus overestimating the
XY8-k proton SNR.
In order to remove these harmonic disturbances, we continue our SNR study with
NVA2 that is not showing any such harmonic features (as we have demonstrated
in Figure 4.2). This allows us to investigate the SNR resulting from just the isolated
proton signal. For this, we first experimentally maximize the SNR of each sequence by
sweeping τ and k respectively, and then take a single spectrum at these ideal points.
The result of this is shown in Figure 4.4 (A,B). Importantly, both of these spectra
have been integrated for exactly 10 hours, and were taken with equal amounts of data
points. The experiments reveal that the SNR of the Spin-Lock dip, (25.5 ± 1.4), is
more than twice the SNR achieved by XY8-k, (9.9 ± 1.3). This demonstrates that if
one measures proton NMR without error on the fitted contrast due to the overlap
with harmonic 13C features, Spin-Lock is indeed more sensitive than XY8-k because
of its increased contact time with the proton bath.
In the specific case shown in Figure 4.4 (A), the XY8-k sequence spent about Pπ =
31 % of the time playing π-pulses, resulting in an integration time efficiency of 69 %.
Since the SNR scales with the square root of the experiment integration time, we
expect the XY8-k SNR to be

√
0.69 ≈ 0.83 times smaller than the Spin-Lock SNR.
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(A) (B) (C)

Spin-Lock Spin-Lock

41px 41px 201px

Figure 4.4: Comparison of SNR and spectral resolution in XY8-k and Spin-Lock
NMR. All spectra shown here were recorded on NVA2, integrated for exactly 10
hours, and ran at ideal τ respectively k values that optimize SNR, see equations (3.8)
and (4.1). (A) XY8-100 NMR with 41 pixels achieves a spectral resolution of ∆f =
9.45 kHz and an SNR of about 10. The dip is captured by only 2 pixels. This is the
XY8-k spectral resolution limit for our current experimental setup at magnetic fields
near the ESLAC. (B) Spin-Lock with τ = 100 µs with identical pixel density, equal
integration time, and a similar spectral resolution of ∆f = 9.15 kHz achieves a 2.5
times higher SNR and thus sensitivity than XY8-k. (C) Spin-Lock with 201 pixels
distributed on a more narrow spectral window, demonstrating a spectral resolution
of ∆f = 1.27 kHz that exceeds the XY8-k resolution limit by a factor of at least four.

However, in our experiment, the observed XY8-k SNR amounts to only 0.39 times the
Spin-Lock SNR. This mismatch indicates that there are more aspects to the difference
in SNR than the non-zero Pπ, however, the absolute difference in SNR is clear as a
stand-alone result.

4.3 Spectral Resolution
We now study the spectral resolution that can be achieved by the Spin-Lock and
XY8-k sequences respectively. This resolution is key to meaningful fits of the NMR
dip, especially when the dip is very narrow. Such fitting is important for applications
where the contrast and width of the dip need to be determined in a quantitatively
accurate manner, as for instance in NV depth determination [51].
For XY8-k, the resolution of the NMR spectrum is ultimately limited by the sampling
rate of the pulsing hardware. In our case, we use a Zurich Instruments SHFSG with
a state-of-the-art sampling rate of 2 GHz, corresponding to a pulsing resolution of
half a nanosecond. Due to the way we set up the XY8-k sequence, the free evolution
between π-pulses is controlled in increments of twice that value, such that our effective
time resolution is ∆t = 1 ns. The π-pulse spacings we typically work with to measure
proton NMR at 500 G, where fNMR ≈ 2 MHz, are about τ = 1/(2fNMR) ≈ 250 ns.
Therefore, for our experiments, we estimate a spectral frequency resolution of

∆f =
(

1
2τ

)
−
(

1
2(τ + ∆t)

)
≈
(

∆t
2τ2

)
= 2∆t · f2

NMR = 8 kHz , (4.2)

https://www.zhinst.com/ch/en/products/shfsg-signal-generator
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and about half of that could be achieved if the π-pulse spacing was incremented by
∆t = 0.5 ns instead of 1 ns. For the typical NMR linewidths that we observe (that is,
10 to 50 kHz), a resolution of ∆f ≈ 8 kHz means that the dip is captured by only 2
to 5 pixels. For example, in the XY8-k spectrum that we show in Figure 4.4 (A), we
measured at the time resolution limit of ∆t = 1 ns, resulting in a spectral resolution
of ∆f = 9.45 kHz. The observed dip has a width of ∆fNMR = (13.3 ± 2.3) kHz and is
thus defined by only two pixels.
Spin-Lock NMR on the other hand, has a spectral resolution that is limited by the
resolution with which the MW amplitude (respectively the MW power) can be con-
trolled. For the SHFSG device we are using, the output power is ranging from −30
to 0 dBm, multiplied with a modulation amplitude between 0 and 1 for fine tuning.
We can set this modulation amplitude with at least six decimal digits, such that at
our typical working point of −5 dBm, we can control the output power well enough to
achieve a resolution on the resulting Rabi frequency of less than 2 kHz (in principle
even much less, but we have not tried, see the comment at the end of the section).
This can be seen in Figure 4.4 (C), where we repeat the Spin-Lock experiment from
panel (B), but we take five times the pixel density distributed over a smaller spectral
range, revealing a resolution of ∆f = 1.27 kHz, almost 7.5 times better than what
XY8-k could achieve. This demonstrates that at magnetic fields near the ESLAC,
Spin-Lock can achieve far higher spectral resolutions than XY8-k.
Importantly, the spectral resolution of XY8-k depends on the probed spectral win-
dow, and therefore on the applied magnetic bias field. For instance, evaluating equa-
tion (4.2) for protons at a lower field of 200 G would result in ∆f ≈ 1.5 kHz which
is comparable to what we obtained with spin-locking. For higher magnetic fields,
however, the XY8-k resolution worsens drastically. At 750 G already, equation (4.2)
predicts ∆f ≈ 20 kHz, such that it would be impossible to resolve the NMR feature
from Figure 4.4 (A). For the Spin-Lock sequence, on the other hand, the spectral
resolution is magnetic field independent. Therefore, given the necessary MW power,
Spin-Lock can achieve the same ∼ 1 kHz resolution at fields where XY8-k fails to
resolve the NMR dip.
Finally, we point out one particularly neat thing about the spectrum in Fig-
ure 4.4 (C). It has integrated for precisely 10 hours just as the spectra from panels
(A) and (B), but since there are five times more pixels, each data point was
effectively measured for only a fifth of the time. This reflects very nicely in the
resulting SNR, which is pretty exactly a factor of

√
5 lower than the SNR in panel (B).

Before we close the discussion on the spectral resolution, we make the important
remark that we could very likely achieve even higher resolutions in Spin-Lock NMR
than presented here, though we have not tried. Technically, given the appropriate
electronic hardware, it is possible to reach a resolution on the MW power down to
the noise limit. For our SHFSG device, the MW output noise density is about −144
to −135 dBm/Hz, which is many orders of magnitude lower than the estimated step
width of (−13±2) dBm that we employed in Figure 4.4 (C), indicating that one should
reasonably be able to achieve sub 10 Hz resolution in Spin-Lock NMR.
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4.4 Further Technical Differences

We now list a few more rather technical differences between the XY8-k and the Spin-
Lock sequence, that we learned about when working with them in our lab. Some of
these aspects are well known in the NV community already, yet for completeness we
nonetheless mention them here.

Available MW Power

For Spin-Lock NMR it is irrelevant how fast the initial and final π/2-pulses are, and
for the spin-locking pulse, any MW power is sufficient as long as the corresponding
Rabi frequency ΩR exceeds the Larmor frequency of the target NMR spin. In our
case, the NMR resonance is at around fNMR ≈ 2 MHz, and the NMR linewidth is on
the order of a few tens of kHz, such that a Rabi frequency of 2.5 MHz is sufficient to
monitor the NMR feature in its entirety.
For XY8-k however, it is important to reduce the duration of the individual π-pulses,
because long pulses reduce the effective contact time of the NV with the spin bath
and thereby reduce the SNR (as we have discussed in section 4.2). Moreover, long π-
pulses can shift the NMR position and distort the NMR signal [158], and give rise to
the collection of undesirable additional harmonic frequencies [119]. In our case, where
fNMR ≈ 2 MHz, the π-pulse spacing is approximately τ = 250 ns. For the reasons
listed above, the employed π-pulses should be significantly shorter than this, ideally
by a factor of four or more, such that we require Rabi frequencies of ΩR > 8 MHz.
This is far more than the 2.5 MHz that Spin-Lock NMR would require under equal
conditions. Therefore, the available MW power is much more limiting for XY8-k
experiments.

Pulse Imperfections

Employing well calibrated pulses is crucial for both XY8-k and Spin-Lock to ensure
proper sequence functionality. Any errors in MW pulse length, phase or frequency lead
to improper spin flips. The XY8-k is expected to correct for small systematic pulse
imperfections [115, 116] in that it prevents them from accumulating throughout the
entire multipulse sequence, yet it is not resistant to random noise or drifts throughout
the sequence. The Spin-Lock sequence, on the other hand, is quite sensitive to any
kind of pulsing errors because for imperfect pulsing, the NV spin is no longer “locked”
by the spin-locking pulse. Instead, it precesses about the spin-locking field which
manifests as an oscillation in the NMR spectrum’s background. This concerns not
only errors on pulse timing and amplitude, but crucially also errors on the phase
relation between the π/2-pulses and the spin-locking pulse. Hence, we conclude that
pulse calibration is particularly important for Spin-Locking, marking one weakness of
Spin-Lock compared to XY8-k which can correct small calibration errors.

Pulse Timing

The XY8-k protocol is highly timing sensitive, because the π-pulse spacing τ is defin-
ing which NMR frequency the NV spin is sensing. To guarantee that the signal iden-
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tification is unambiguous, it is necessary to control the pulse timing with nanosecond
precision. Moreover, random noise on τ can cause the entire XY8-k sequence to break
down in the sense that the noise frequency selectivity is lost, especially when k is large.
For spin-locking, however, the timing between the two π/2-pulses and the spin-locking
pulse is not that important, as long as these pulses do not overlap. While we have
not measured this directly, we suspect that random delays of less than 5 ns between
the π/2-pulses and the spin-locking pulse have little effect, while random errors on
this time scale are expected to cause a notable degradation of the NMR frequency
accuracy in XY8-k experiments. For these reasons, we hypothesize that Spin-Lock is
more robust to systematic and random timing errors than XY8-k.

Pulse Shape

The pulse shape can be relevant for NMR, particularly when employing square pulse
envelopes. This is because many microwave components, such as switches, circulators,
amplifiers and coaxial cable interfaces can lead to overshoots on the sharp edges of such
square pulses. For XY8-type sequences where there are many pulses, these random
errors on the edges can accumulate and thereby degrade the NMR quality. For Spin-
Lock, on the other hand, there are only three pulses, and we therefore expect the
sequence to be rather insensitive to such pulse-shape dependent errors, highlighting
yet another advantage of Spin-Lock over XY8-k. We note that in our experiments,
to avoid overshoots on pulse shape edges entirely, we play smooth Gaussian ramps of
16 ns each instead of sharp edges.

Loop Antenna Movement

For our experiments, we use a gold wire loop to deliver the microwave (see the ap-
pendix A.1 for a detailed description of the setup). Depending on the MW signal
running through this wire, it is prone to heat up and move. In particular, we observe
that there is significant movement during ODMR experiments where the MW fre-
quency is changing, and during pulsed experiments where the MW is quickly turned
on and off. Consequently, during an XY8-k NMR experiment that is requiring higher
power and fast pulsing, we expect more antenna movement than during a Spin-Lock
NMR measurement. For this reason, we expect more noise on the MW pulse ampli-
tude in XY8-k compared to Spin-Lock. This is yet another advantage of Spin-Lock
over XY8-k, however, this issue can be solved by employing more robust antenna
solutions such as for example on-chip designs [155].

4.5 Outlook

In summary, we have compared Spin-Lock and XY8-k by investigating their appli-
cability to nanoscale NMR on a technical level. We found that using the Spin-Lock
sequence has multiple significant advantages over the XY8-k sequence.

First, while the XY8-k technique is picking up various spurious signals including har-
monics of other nearby nuclear spins – resulting in a contamination of the NMR
spectrum – the Spin-Lock sequence is protecting the NV spin from such frequencies
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and thus guarantees an isolated proton signature in the NMR spectrum. Specifically,
we have demonstrated that for a non-isotopically purified diamond with 13C spins in
its lattice, XY8-k NMR exhibits many NMR features near the proton resonance; in
fact many more than just the fourth harmonic of 13C, indicating the collection of fur-
ther spurious signals. All these contaminations disappear when using an isotopically
purified diamond. For this reason, we have formulated the hypothesis that the under-
lying physics might either be inhomogeneous hyperfine coupling between the NV spin
and nearby 13C nuclei with enhanced gyromagnetic ratios [112], or ESLAC-mediated
cross-resonances with the electron spins of nearby substitutional nitrogen atoms which
hyperfine couple to the 13C bath at magnetic fields near the ESLAC [157].
We have demonstrate that Spin-Lock NMR is not sensing these contaminations at
all, highlighting a key advantage of spin-locking over XY8-k. However, it is possible
to modify the XY8-k sequence in order to suppress the collection of such unwanted
signals, such as adaptive XY sequences that employ non-equally spaced pulses to
eliminate low-order harmonics [159], or controlled randomization of the π-pulse phase
to mitigate spurious signals [160, 161], or so-called cyclic geodesic driving that gen-
erates a repeated adiabatic evolution of the NV spin to suppress both harmonics
and other spurious signals [162], or the so-called “PulsePol” sequence that has been
demonstrated to be entirely insensitive to any harmonic frequencies [163]. However,
all these modifications come at the cost of drastically increased pulsing complexity,
longer sequence durations and thus prolonged experiment integration times.
To further look into the XY8-k NMR features that we observe in non-isotopically
purified diamond, it might be worthwhile to employ some of these sequences
to characterize the observed features’ origin. Alternatively, we suggest taking a
systematic study of how the NMR spectrum depends on the applied magnetic field
to pin down the exact role that the ESLAC plays in the generation of these features.
Furthermore, to study which order of harmonic frequencies we might observe, one
could employ different XY-type sequences, such as XY4-k or XY16-k, that show
slightly different harmonic peaks in their filter functions, especially for non-zero
π-pulses [119]. Finally, we remark that the features might also be related to slow
kHz-frequency beatings that we sometimes obtain in XY8-k time traces. We present
and discuss these beatings in chapter 6.

Second, we demonstrate experimentally that spin-locking achieves up to 2.5 times
higher NMR sensitivity than XY8-k, given ideal choices for the spin-locking time
τ and the XY8 repetition number k. We assign this difference in sensitivity to the
fact that spin-locking is coupling the NV spin to the nuclear spin bath with a 100 %
time efficiency, while the XY8-k spends a significant fraction Pπ of the time playing
π-pulses during which the relevant interaction with the nuclear spin bath is paused.
Based on this hypothesis, it would be interesting to drastically reduce Pπ, either by
using much more MW power (to shorten the π-pulses), or by measuring at lower
magnetic fields (to prolong the π-pulse spacing), and study whether this does indeed
increase the resulting XY8-k sensitivity as expected.

Third, we have shown that Spin-Lock achieves a much higher spectral resolution for
NMR, being technically limited only by the accuracy with which the MW amplitude
respectively MW power can be controlled. We experimentally demonstrate spectral
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resolutions of less than 2 kHz, and predict that substantially better resolutions of
less than 10 Hz should be achievable with our hardware. XY8-k on the other hand
is limited by the sampling rate of the pulsing hardware, and for state-of-the-art
AWG cores that provide two giga-samples per second (such as our SHFSG device),
we estimate a spectral resolution limit for proton NMR at the ESLAC of about
4 kHz, which can be further increased by measuring at lower magnetic fields. To
entirely overcome this reciprocal relation of sampling rate and spectral resolution,
one could employ XY8 correlation spectroscopy [45, 164, 165] whose NMR frequency
resolution is limited by the NV spin lifetime. However, at the same time such
correlation spectroscopy has a total sequence duration that is more than twice as
long as standard XY8-k, leading to a significant reduction in SNR and thus sensitivity.

Overall, our findings suggest that Spin-Lock is much better suited for NV NMR
applications that rely on measuring a single NMR feature, such as for example depth
determination of single NVs. We will perform such depth determination with both
XY8-k and Spin-Lock NMR in the next chapter.



CHAPTER 5

Depth Determination via Proton NMR

So far, we have measured NMR on single NV centers to characterize a specific source
of hydrogen nuclei present on tri-acid cleaned diamond surfaces (chapter 3), and we
have studied the technical differences between Spin-Lock and XY8-k proton NMR
(chapter 4). Now, we turn to an actual application of NV NMR, in particular the
depth determination of single shallow NV centers in diamond. Such depth determi-
nation is of great interest, because there are many NV sensing schemes that depend
critically on this NV depth, for example nanoscale NV magnetometry [96,97] such as
scanning probe magnetometry [27] or magnetic resonance imaging [98]. Precise a pri-
ori knowledge of the deployed NV’s depth would improve the quality and quantitative
precision of these applications [68]. For example, in scanning probe magnetometry, the
quantitative reconstruction of the sample magnetization from the measured magnetic
stray fields is a function of the NV depth [166,167].
For NV centers formed by ion implantation, a common tool for depth estimation is
the stopping range of ions in matter (SRIM) Monte-Carlo simulation [168], however,
SRIM returns a statistical prediction and not a precise measurement of an individual
NV center’s depth. Moreover, SRIM does not consider certain effects such as crystal
channelling of ions, and it thus systematically underestimates the implantation depth
by a factor of up to two [51, 169]. For these reasons, SRIM is not satisfying the need
for a quantitatively accurate depth determination technique.
In 2016, Pham et al. have published a promising protocol for depth determination of
individual NV centers [51], that is based on measuring XY8-k NMR of 1H spins in
immersion oil on the diamond’s surface. By carefully modelling the interaction of the
NV spin with the magnetic signal of these spins under XY8-k, one can fit the proton
NMR spectrum and thereby obtain the depth of the NV defect. Over the last few years,
many people have used this technique to identify the depth of single NVs [59–69].
However, as we have demonstrated in chapter 4, there are critical issues with XY8-k
NMR that complicate this depth determination scheme, such as harmonic frequency
contamination and limited NMR frequency resolution. There are ways to avoid these
problems, for example one can eliminate 13C harmonics by working with isotopically
purified diamond material, or it is possible to boost the spectral resolution of XY8-k
by measuring at lower magnetic bias fields; however, these workarounds restrict the
technique’s application to specific diamonds and magnetic fields. A solution to these
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issues that works independent of diamond purity and bias field – and we have validated
this experimentally in chapter 4 – is to use the Spin-Lock sequence instead of XY8-k,
and on top of that, Spin-Lock NMR even comes with the additional benefit of higher
sensitivity. In light of these arguments, we suspect that depth determination via Spin-
Lock NMR offers significant advantages over the established XY8-k protocol.
However, the necessary mathematical framework to rigorously describe Spin-Lock
NMR and the resulting NV depth analysis does not yet exist. Deriving this framework
is a challenge because Spin-Lock is not a pulsed dynamical decoupling sequence
relying on the manipulation of the quantum phase accumulation caused by transverse
fields, but instead Spin-Lock NMR is based on spin relaxation due to fields parallel
to the respective spin quantization axis. For this reason, common theoretical ap-
proaches to dynamical decoupling, in particular the filter function formalism [3, 38],
cannot be applied to the Spin-Lock sequence. People have nonetheless already
made first steps towards a mathematical description of AC magnetometry under
spin-locking [103, 121], yet there is still a lack of a complete and quantitatively
accurate Spin-Lock model that could be used for depth determination. We are aware
of one single paper that performs such spin-locked depth determination [63], however
this publication is not providing the fitting functions that were used to extract the
NV depth.

Here, we derive a theoretical description of Spin-Lock NMR, that can be deployed to
fit the depth of individual NVs or the density of the detected nuclear spin ensemble. By
comparing this Spin-Lock model to the established XY8-k model of Pham et al., we
identify issues with both approaches introduced by assumptions made in their respec-
tive derivation that are invalid for our experimental conditions. Most importantly, we
demonstrate experimentally that these poor assumptions lead to a substantial error
on the fitted depth. Our results thus suggest that both models need to be reworked
for quantitatively accurate depth determination.
In the second half of this chapter, despite the limitations of these models, we nonethe-
less use them to attempt to further characterize the source of 1H spins that we have
previously studied in chapter 3. Specifically, we show that by adding immersion oil,
it is possible to simultaneously fit the NV depth and the spin density of the unidenti-
fied proton ensemble. If we fit a two-dimensional surface ensemble to the data in this
way, the resulting surface density exceeds the density of available carbon dangling
bonds by far, which excludes the scenario that the observed proton signal is orig-
inating from only surface-bound chemical groups. On the other hand, when fitting
a three-dimensional proton layer with only a few nanometers thickness – a length
scale that has been proposed for adsorbate water layers on diamond under ambient
conditions [142, 147] – the resulting volume spin density is substantially larger than
the density of liquid water. While it is unclear how accurate these fits are until the
theoretical models are reworked, our preliminary results indicate that a very dense
layer of solid-like water suits better to our data than a just 2D ensemble of chemically
bonded groups containing hydrogen, which is in accordance with other NV NMR
results [42,46,66–68] and recent adsorbate water layer analysis [142,147].
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5.1 Theory of Depth Determination
We now present the math behind the two depth determination schemes that we work
with in this chapter. First, we discuss our own protocol based on Spin-Lock NMR that
we have developed from scratch, and then we briefly present the established protocol
based on XY8-k NMR that has been published by Pham et al. [51].

5.1.1 Depth Determination via Spin-Lock NMR
To derive our theoretical model of Spin-Lock NMR, we have worked together with
Aaron Daniel and Patrick Potts from the quantum thermodynamics group in Basel,
a collaboration that resulted in what we will present in the following. Note that we
are here only discussing the approach, the key assumptions and the final result of this
model. The full derivation is presented in detail in the appendix A.3.
In a Spin-Lock sequence, applied to the two-level system spanned by the NV electronic
states |0⟩ and |−1⟩, the initial π/2-pulse brings the system into an eigenstate of σ̂x,
specifically into the dressed state |+⟩ = 1√

2 (|0⟩ + |−1⟩). During the subsequent spin-
locking pulse the system then evolves according to the Hamiltonian

Ĥ = ℏω0σ̂z + ℏγNVBMW · σ̂ + ℏγNVBN · σ + ℏωL

∑
j

Îj
z , (5.1)

where the first term describes the splitting of the electronic |0⟩ and |−1⟩ states, the
second term is the coupling of the NV to the MW magnetic field BMW that constitutes
the spin-locking field, the third term represents the coupling of the NV to the magnetic
field BN produced by the nuclear spin ensemble on the diamond surface, and finally
the fourth term describes the Zeeman splitting of the nuclear spins (indexed by j)
due to the applied magnetic bias field. Here, σ̂ = (σ̂x, σ̂y, σ̂z) are the spin operators
of the two-level system, as defined previously in section 1.3.1.
As we demonstrate in appendix A.3.2 and A.3.3, the Spin-Lock Hamiltonian from
equation (5.1) becomes time-independent in a doubly rotating frame under two ro-
tating wave approximations. Therefore, in this specific frame, it is straight forward to
compute the time evolution of |+⟩, and by doing so, we derive the probability to find
the system in |+⟩ by the end of the spin-locking pulse as

P|+⟩ = 1
2

1 +
∆2 + γ2

NVB
2 cos

(
1
2τ
√

∆2 + γ2
NVB

2
)

∆2 + γ2
NVB

2

 , (5.2)

where τ is the duration of the spin-locking pulse, ∆ = ΩR − ωL is the detuning
between the spin-locking Rabi frequency ΩR and the proton Larmor frequency ωL,
and B := |Brotrot

N | is the time-independent amplitude of the magnetic field that the
proton spins generate at the NV position in the doubly rotating frame. We note
that the performed rotating wave approximations are only valid for weak driving
(ΩR ≪ ω0) and near the Hartmann-Hahn resonance (ΩR ≈ ωL); two conditions that
are always well fulfilled in our experiments, because we sweep ΩR across a ∼ 200 kHz
range centered around ωL ≈ 2 MHz, while ω0 ≈ 1.4 GHz.
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Importantly, in the derivation of (5.2) we assumed that the protons in the ensemble are
a collection of non-interacting pure magnetic dipoles, such that there is no dephasing
in the bath. Later, in section 5.2.1, we will see that this approximation does not apply
to our experiments. Instead one ought to either assign a phenomenological nuclear T ∗

2
dephasing time to the proton spins, or directly treat the spin-spin interactions and/or
molecular diffusion by adding these mechanisms to Hamiltonian (5.1).
Next, we add fluctuations in the magnetic field produced by the nuclear spin ensemble.
For this, we assume that the nuclear magnetic field components in the doubly rotating
frame (Bx, By, Bz) are each described by a Gaussian distribution with variance σ2

and zero mean. In this case, the fluctuations on their Euclidean norm B = (B2
x +

B2
y +B2

z )1/2 are given by the Rayleigh distribution,

R(B, σ2) = B

σ2 exp
(

−B2

2σ2

)
. (5.3)

Furthermore, we assume that the fluctuations of the nuclear spins are slow compared
the spin-locking duration τ , such that B can be assumed to be constant throughout
one repetition of the Spin-Lock sequence. Under this assumption, we can express the
expectation value of P|+⟩ as

E
[
P|+⟩

]
=
∫ ∞

0
P|+⟩ R(B, σ2) dB . (5.4)

Finally, in order to evaluate equation (5.4), we need to quantitatively describe the
magnetic field variance σ2 = ⟨B̂2

i ⟩−⟨B̂i⟩2 at the NV’s position, where i ∈ {x, y, z}. To
that end, we describe the proton spin bath with an infinite temperature thermal state
(we justify this choice at the end of this section), and then evaluate the expectation
values ⟨B̂2

i ⟩ and ⟨B̂i⟩2 by integration over all spins in the ensemble. Depending on
whether we consider a proton ensemble that is two-dimensional (A), three-dimensional
(V ), or a combination of both (AV ), we find (see appendix A.3.5)

σ2
A = (ℏγHµ0)2

4096π ·
(

3 ρA

d4

)
, (5.5)

σ2
V = (ℏγHµ0)2

4096π ·
(

ρV

(d+ Z1)3 − ρV

(d+ Z2)3

)
, (5.6)

σ2
AV = σ2

A + σ2
V , (5.7)

where d is the depth the of NV center used to sense the proton spin bath, ρA and
ρV are the surface and volume spin densities, Z1 and Z2 are the boundaries of the
three-dimensional proton layer (such that the layer is located at a distance d+Z1 to
d+Z2 relative to the NV), γH is the proton Larmor frequency, and µ0 is the vacuum
permeability. Note that σ2

V equals σ2
A in the limit of Z2 → Z1 with Z1 = 0, given the

constraint that limZ2→0(ρV · Z2) = ρA.
Finally, to directly fit the model to our NMR data that is normalized as discussed in
section 3.1.1, we map the the expectation value E

[
P|+⟩

]
onto the corresponding spin

contrast Sc. As explained in appendix A.3.6, this is done through the relationship,

Sc = 2 · E
[
P|+⟩

]
− 1 . (5.8)
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We have not yet been able to analytically solve the integral in equation (5.4) and
therefore we cannot give an analytic solution for equation (5.8). However, we can
nonetheless fit (5.8) to our NMR data numerically.

We close this section with a few comments on our model, and suggestions on how to
further improve it. First, we note that the model is not restricted to protons, but it
can be used to describe NV NMR with any nuclear spin species. For this, one would
need to change equation (A.17) to describe the dipolar field of the new nucleus, which
ultimately changes the prefactor of σ2

A and σ2
V in equations (5.5) and (5.6).

Second, we made the assumption that the protons are non-interacting pure dipoles,
and as already mentioned above, this means that our model does not account for
molecular diffusion, nuclear spin dephasing, or other effects that would introduce a
finite nuclear T ∗

2 time. In section 5.2.1, we will demonstrate that this causes the model
to predict a Fourier limited NMR linewidth of

√
π/τ . This is not consistent with our

experimental NMR data, which in turn introduces a significant error on the fitted
NV depth d. In the future, the model should therefore be reworked to account for a
phenomenological finite T ∗

2 time, or to directly treat the underlying mechanisms by
adding nuclear spin-spin interactions and/or diffusion to the Hamiltonian (5.1).
Finally, we point out that we assumed an infinite temperature quantum state for the
proton bath, an approximation that forbids any thermal polarization in this spin bath.
This is a good approximation, because the thermal polarization of protons at 500 G
is negligibly small. To illustrate this, we compute the thermal polarization Pthermal as
the ratio between the total net magnetization of N thermally polarized protons, Mz,
and the magnetization achieved by a fully polarized proton ensemble, Mfull = NℏγHI.
In the high-temperature approximation, this yields [170]

Pthermal = Mz

Mfull
= ℏγHB(I + 1)

3kBT
, (5.9)

and evaluation for B = 500 G and T = 300 K results in Pthermal ≈ 1.8 · 10−7 ≪ 1.

5.1.2 Depth Determination via XY8 NMR
To determine the depth d of a single NV via XY8-k NMR, we use the mathematical
framework that has been derived and published by Pham et al. [51]. Here, we first
present the key results of their work expressed in our own notation, and we then
extend these results to the three different spin ensemble types we have considered
above, i.e. a two-dimensional surface ensemble (A), a three-dimensional layer (V ), or
the combination of both (AV ).
Pham et al. use the same NMR data normalization as we do (see section 3.1.1), and
they show that the spin contrast Sc of a single NV under an XY8-k sequence is

Sc = exp
(

− 2
π2 γ

2
NVσ

2 K(∆, k, τ)
)
, (5.10)

where σ2 denotes the variance of the magnetic field produced by the nuclear spin
bath at the NV’s position. Note that in equation (5.10), Pham et al. actually give the
root mean square magnetic field amplitude B2

RMS = ⟨B̂2
z ⟩ instead of the variance σ2 =
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⟨B̂2
z ⟩−⟨B̂z⟩2 that we use here, however, as we show in the appendix in equation (A.39),

for the infinite temperature nuclear spin bath at hand, the expectation value ⟨B̂z⟩ is
zero, such that B2

RMS = σ2. Finally, the term K(∆, k, τ) is a function describing
how susceptible the NV is to such AC magnetic field fluctuations under the XY8-k
sequence. Pham et al. derive that under the assumption of instantaneous π-pulses
with zero duration, K is given by

K(∆, k,τ) = 2 (T ∗
2 )2[

(T ∗
2 ∆)2 + 1

]2

([
(T ∗

2 ∆)2 − 1
]

+ 8kτ
T ∗

2

[
(T ∗

2 ∆)2 + 1
]

(5.11)

− exp
(

−8kτ
T ∗

2

){[
(T ∗

2 ∆)2 − 1
]

cos(8kτ∆) + 2T ∗
2 ∆ sin(8kτ∆)

})
,

where τ is the π-pulse spacing, ∆ = ( π
τ − ωL) is the detuning between the probed

NMR frequency π
τ and the proton Larmor frequency ωL, the integer k is the XY8-k

block repetition number such that 8kτ is the total sequence duration, and T ∗
2 denotes

the nuclear proton spin dephasing time. If one assumes that T ∗
2 is much longer that

the duration 8kτ of the entire XY8-k sequence, it is valid to work in the limit T ∗
2 → ∞,

and Pham et al. show that in this case, equation (5.11) becomes

K(∆, k, τ) ≈ (8kτ)2 · sinc2
(

4kτ∆
)
. (5.12)

However, as we will show below in section 5.2.2 and specifically in Figure 5.1 (B),
this approximation is not consistent with our experimental NMR data, and we will
therefore exclusively work with K as given by equation (5.11).
To compute the magnetic variance σ2, Pham et al. make the same basic assumptions
about the position and volume of the nuclear spin ensemble as we have made above
in section 5.1.1; namely they consider a three-dimensional layer of spin density ρV ,
located on the diamond surface at a distance (d+Z1) to (d+Z2) relative to the NV
center, such that the proton layer thickness is given by (Z2 −Z1). However, contrary
to our approach where the full vector of the nuclear magnetic field at the NV position
is taken into account, Pham et al. only consider the projection of the nuclear magnetic
field onto the NV axis. Therefore, they obtain a different expression for the volume
integral over the spin bath,

σ2
V = 9ρV (ℏγHµ0)2

64π2

∫ 2π

0

∫ π/2

0

∫ d+Z2
cos(θ)

d+Z1
cos(θ)

(eNV · eH)2 − (eNV · eH)4

r4 sin(θ) dr dθ dϕ

= 5 (ℏγHµ0)2

1536π ·
(

ρV

(d+ Z1)3 − ρV

(d+ Z2)3

)
, (5.13)

where eH = [sin(θ) cos(ϕ), sin(θ) sin(ϕ), cos(θ)] is a unit vector denoting the orien-
tation of the proton spin that is located at a distance r from the NV center, and
eNV = [sin(α) cos(β), sin(α) sin(β), cos(α)] is the orientation of the NV itself. Here,
the coordinate system is chosen such that the z-axis is normal to the diamond surface,
and such that the NV is located in the coordinate system’s origin. Since we exclusively
perform NMR on diamond samples A and B that have a (001) surface, we have fixed
α = [ π

2 − cos−1(
√

2/3)] ≈ 54.7◦ to solve equation (5.13).
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What Pham et al. are not showing in their publication is an expression for the mag-
netic field variance produced by a two-dimensional surface layer of protons. We derive
this by changing the volume integral in (5.13) to a surface integral. For this, we fix r
to d/ cos(θ), substitute the ρA for ρV , and integrate only over the two angular degrees
of freedom, such that

σ2
A = 9 (ℏγHµ0)2

64π2 ρA

∫ 2π

0

∫ π/2

0

(eNV · eH)2 − (eNV · eH)4

[ d/ cos(θ) ]4
sin(θ) dθ dϕ

= 41 (ℏγHµ0)2

5040π ·
(ρA

d4

)
. (5.14)

For a combination of both a two-dimensional surface ensemble (A) and a three-
dimensional volume ensemble (V ), one obtains σ2

AV = σ2
A + σ2

V .
Finally, we note that this model comes with a crucial intrinsic problem: As we will
show experimentally in section 5.2.2, the fitted NV depth d depends strongly on the
employed π-pulse duration, demonstrating that the assumption of infinitely sharp
π-pulses is highly invalid for our experiments. Therefore, to provide quantitatively
accurate depth determination, it is necessary to extend the model to account for
non-zero π-pulse lengths.

5.2 Comparison and Evaluation of the two Models
We now compare the two NMR depth determination protocols that we have intro-
duced in sections 5.1.1 and 5.1.2. We begin by comparing the magnetic field variances
predicted by the two models. These variances do not depend on the pulse sequence,
and as such, they should be the same. However, while it is true that the expressions
for σ2

A and σ2
V of the two models show the same scaling with the relevant physical

quantities (in particular the NV depth d), they differ significantly in the numerical
prefactor. An overview of these prefactors in shown in table 5.1 (A).
These differences in σ2 arise from the fact that Pham et al. consider only the projection
of the protons’ magnetic field onto the NV axis (which is a valid assumption for XY8-
k), whereas we do not make this projection and instead work with a general magnetic
field vector. Consequently, in Pham et al.’s model, the term that is integrated to
obtain σ2 has a geometric dependency on the orientations of the NV and the individual
protons, while this is not the case for the term we integrate in our derivation. For
this reason, the two models result in different magnetic field variances for the same
proton bath.
Furthermore, the models differ crucially in their treatment of dephasing in the proton
bath, in that Pham et al. work with a finite nuclear T ∗

2 , where we work in the limit
T ∗

2 → ∞ by assuming that the protons are non-interacting dipoles.
To derive how the magnetic fluctuations σ2 of the proton bath are affecting the
NV spin, the models describe the respective NMR detection scheme, and ultimately
result in an expression for the NMR spin contrast Sc. Specifically, our description of
Spin-Lock NMR is based on computing the time evolution of the NV dressed state
in a doubly rotating frame by solving the Schrödinger equation, while Pham et al.’s
XY8-k model is based on the filter function formalism to model the quantum phase
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(A) Spin Bath This Work Pham et al. [51]
Proton spin dephasing No, non-interacting dipoles Yes, finite proton T ∗

2

Nuclear magnetic field Work with full BN Use only BN,z

Numeric prefactor in σ2
A NA = 3/4096 NA = 41/5040

Numeric prefactor in σ2
V NV = 1/4096 NV = 5/1536

(B) NMR Detection This Work Pham et al. [51]
Pulse sequence Spin-Lock XY8-k
Employed theory Time evolution analysis Filter function
Non-Zero pulse lengths Irrelevant No, zero duration

Table 5.1: Comparison of the two NMR models (A) To describe the proton spin
bath, Pham et al. consider a finite nuclear T ∗

2 time for proton bath, while we assume
that the proton spins are non-interacting pure dipoles. Moreover, the models use
different projections of the magnetic field BN produced by the nuclear spins at the
NV position, which leads to different numerical prefactors in the nuclear magnetic
field variance. (B) The NMR detection is realized with different pulse sequences,
Spin-Lock and XY8-k respectively, and different theoretical approaches are used to
describe them. Finally, Pham et al. assume that the π-pulses are instantaneous.

pick-up under XY8-k. Finally, we note that Pham et al. make the assumption of
instantaneous π-pulses.

Given that the two depth determination techniques rely on different assumptions
and different pulse sequences, it is an important sanity check to verify that they
nonetheless yield the same NV depth d. We will verify this now. The data we have
shown in the previous chapter in Figure 4.2 are ideal for this, because it is a Spin-Lock
and XY8-k NMR spectrum, recorded on the same NV center (NVA2), under equal
conditions and even on the same day. The NMR target in these two measurements
is the ubiquitous 1H nuclear surface ensemble that we have studied in chapter 3 (i.e.
there is no immersion oil). Here, we treat these spins as a two-dimensional ensemble,
which is why we use the variance σ2

A from equations (5.5) and (5.14) for the fits. For the
surface spin density ρA, we use the value of immersion oil, that is 50 nm−3 [42,50,120],
and scale it down to two dimensions, meaning that we plug in ρA = (50)2/3 nm−2.
While there is no proper justification for this arbitrary choice of density, both models
scale with (ρA/d

4) in the same way, such that an incorrect nuclear spin density leads
to the same multiplicative error on d in both models, and thus this arbitrary choice
for ρA does not affect the qualitative comparison we are making here.
Fitting the models to the data in this way results in what is plotted in Figure 5.1.
Crucially, the two models reveal different NV depths d far outside each other’s error
margin; an error interval that we compute as the square root of the fit covariance
matrix’s diagonal entries. The fact that these models return such different depths is
significant because it means that at least one of the models yields an incorrect depth.
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(A)  Spin-Lock (B)  XY8-k

Figure 5.1: Comparison of the NV depth d as fitted by the two depth determination
techniques. Both NMR spectra shown here were recorded on NVA2 within the same
day and under equal conditions. The dashed lines are Lorentzian lineshape fits. (A) In
the case of Spin-Lock with τ = 150 µs, the model fits a depth d = (5.98 ± 0.19) nm.
(B) The XY8-k data were recorded with k = 80 and a π-pulse of 64 ns (such that
Pπ = 28.1 %), and the fit yields d = (8.21 ± 0.24) nm. Assuming that T ∗

2 → ∞, the
model fits a similar depth of (8.19 ± 0.32) nm, but the resulting fit is much to narrow
(light grey). We conclude that clearly, the depth fitting results of the two models do
not agree, and we study this mismatch in sections 5.2.1 and 5.2.2, where we show
that both models are intrinsically flawed, and thus fit incorrect NV depths.

Note that the XY8-k model fits a very similar depth independent of whether a finite
or infinite nuclear T ∗

2 time is employed, i.e. d = (8.21 ± 0.24) nm and (8.19 ± 0.32) nm
for these two cases. However, for T ∗

2 → ∞, the resulting NMR lineshape has a width
that is much too narrow and a contrast that is way to large, as shown by the light grey
line in Figure 5.1 (B). On the other hand, if we fit a finite T ∗

2 in addition to the depth
d, the lineshape matches extremely well to the data (black line). For this reason, we
will hereafter always include a finite nuclear T ∗

2 as a fitting parameter XY8-k depth
determination.
In the next two sections, we will study the depth mismatch of the two models by inves-
tigating how key assumptions and approximations made in either model’s derivation
affect the resulting depth fit. This way, we will reveal that each of the two models
is making one critical assumption about the physical system that does not apply to
our experiments, and we will demonstrate experimentally that this in turn leads to a
substantial error on the fitted depth d.

5.2.1 Evaluation of the Spin-Lock Model
Our model assumes that the protons in the spin bath are non-interacting pure dipoles.
This means that we essentially neglect any nuclear dephasing and molecular diffusion
processes, and treat the protons as nuclear spins with an infinite coherence time,
T ∗

2 → ∞. For such an infinite T ∗
2 that significantly exceeds the spin-locking duration τ ,

we expect our model to result in a Fourier limited NMR linewidth, given by
√
π/τ .
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Conversely, if the protons were subject to some form of interaction or noise that
reduced their coherence time to T ∗

2 ≤ τ , the linewidth would instead be limited by
T ∗

2 and be independent of τ . As we have seen in section 3.2.3 (specifically Figure 3.9),
the latter case is true for our Spin-Lock experiments, meaning that there is indeed a
finite T ∗

2 ≤ τ associated with the detected surface proton ensemble. This is further
supported by the results of Pham et al. who report that protons in immersion oil
exhibit T ∗

2 ≈ 60 µs [51]. Moreover, as discussed above, for the surface protons that we
measure on clean diamond, Pham et al.’s model fits best with a finite dephasing time
of T ∗

2 ≈ 30 µs. Both of these values are shorter than our typical spin-locking times of
τ ≈ 100 µs. For these reasons, we suspect that the assumption of T ∗

2 → ∞ is a central
weakness of our Spin-Lock model, which might lead incorrect depth fits.
To validate this hypothesis experimentally, we fit the data from Figure 3.9 with our
Spin-Lock NMR model. And indeed, as shown in Figure 5.2 (A), the model results
in a width ∆fmodel that perfectly matches the Fourier limit of

√
π/τ , while the data

exhibit a constant linewidth ∆fNMR. Here, ∆fNMR is determined by the FWHM of
a fitted Lorentzian lineshape, and ∆fmodel is the FWHM of the NMR dip as fitted
by our Spin-Lock model. For these fits, we have used the spin density of immersion
oil, i.e. ρV = 50 nm−3 [42, 50, 120] and ρA = (ρV )2/3 respectively. Since we have not
applied any oil here but are instead measuring the surface protons on clean diamond,
these density values are likely incorrect. However, for the qualitative study we are
doing here, we do not need quantitatively accurate depth fits. The inferred width

(A) (B) NVA2
NVB1

Figure 5.2: Our Spin-Lock depth determination protocol assumes zero proton spin
dephasing, which leads to an incorrect prediction on the NMR width. (A) While the
experimentally determined proton NMR linewidth ∆fNMR of NVA2 and NVB1 is
independent of the spin-locking duration τ , fitting our model to the data yields a fit
with a width ∆fmodel that fits very well to the Spin-Lock Fourier limit of

√
π/τ . This

clearly indicates that while the data is limited in width by a decoherence process in
the bath, our model predicts a Fourier limited NMR width. (B) The fitted NV depth d
increases linearly with τ , yet in reality the depth is constant. We assign this slope
in d(τ) to the incorrect linewidth predicted by our model. To enable quantitatively
accurate depth determination, we suggest to incorporate a finite nuclear T ∗

2 into the
Spin-Lock NMR model.
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∆fmodel is the same for fitting a two-dimensional ensemble (using σ2
A) or an infinitely

large three-dimensional proton ensemble (using σ2
V ).

The results shown in Figure 5.2 (A) demonstrate that our Spin-Lock NMR model is
Fourier limited as expected. As such, our model is underestimating the NMR width,
especially for our typical spin-locking durations of τ ≥ 100 µs. To investigate how
this this mismatch in linewidth affects the fitted NV depth d, we plot the inferred
value of d against the spin-locking duration τ . This is shown in Figure 5.2 (B), where
it is clear to see that d(τ) increases linearly with τ as indicated by the linear fits
(represented by solid lines). In reality, the NV depth d is constant, because we only
change the spin-locking duration τ and not the physical system itself. Hence, such a
non-zero slope ∂d

∂τ is unphysical and a clear problem with our model.
Interestingly, when comparing NVA2 and NVB1, we find that NVA2 actually yields
a smaller slope ∂d

∂τ . At the same time, NVA2 has a narrower linewidth ∆fNMR that
matches the model’s prediction slightly better. This suggests that the discrepancy in
NMR width between data and model is related to the slope ∂d

∂τ , in the sense that a
larger width mismatch causes a larger slope.
To quantify the error in d, we note that for the range of τ = 20 µs up to 240 µs
that we probed here, the fitted depth almost doubles. Therefore, the result of our
Spin-Lock depth determination technique is currently afflicted by an error in depth d
on the order of approximately a factor of two.

In summary, we conclude that the Spin-Lock model’s assumption of zero dephasing in
the bath leads to a Fourier limited NMR width that underestimates the true linewidth,
and consequently, the model fits an incorrect NV depth d. In order to solve this issue,
the model needs to be extended to include decoherence in the proton spin ensemble.
To that end, we propose to either assign a phenomenological nuclear T ∗

2 dephasing
time to the proton spins, similar to the approach by Pham et al. [51]; or even better,
to directly treat the spin-spin interactions and/or molecular diffusion by adding these
mechanisms to Hamiltonian (5.1).

5.2.2 Evaluation of the XY8 Model
For the model derived by Pham et al., the π-pulses of the XY8-k sequence are as-
sumed to be instantaneous, i.e. of zero duration. This assumption is often made in
mathematical descriptions of pulsed dynamical decoupling [3, 38, 111], however, in
reality these pulses always have a non-zero width.
We now investigate how valid it is to assume such instantaneous π-pulses in XY8-k
depth determination, by studying how the fitted depth d depends on the employed π-
pulse length. To that end, we determine the depth of NVB1 by fitting the XY8-k NMR
model to corresponding NMR data that we measure with different π-pulse durations.
The result of these fits is shown in Figure 5.3. These experiments were conducted
at 412 G using an XY8-10 sequence, and the proton NMR target is the ubiquitous
surface proton presence we have characterized in chapter 3 (again, no immersion oil
has been applied). The fitting routine was executed for either a two-dimensional (A) or
an infinitely large three-dimensional (V ) proton ensemble, and the fitting parameters
are the depth d and the finite nuclear coherence time T ∗

2 . For the proton spin density,
we plug in the value for immersion oil, ρV = 50 nm−3 [42, 50, 120], and for the 2D
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case we use ρA = (ρV )2/3. As explained above, these are probably not the correct
densities for the surface proton ensemble, however, we are studying how the fitted
depth depends on the π-pulse length and thus we do not mind a systematic error
on d.
The data in Figure 5.3 are clearly showing that the fitted depth d increases with
longer π-pulses in a linear fashion (as indicated by the linear fits). This increase in d
is of course not physical, because nothing about the NV system changes when the π-
pulse duration is altered, and thus the model should fit the same depth d for all these
data points. We speculate this this increase in the inferred value of d is caused by the
increase of Pπ = (π-pulse length)/(π-pulse spacing) via the following mechanism: For
larger Pπ, the system has a shorter direct interaction time with the spin bath, and does
thus acquire less quantum phase from the interaction with the nuclear spin bath. The
model is then incorrectly interpreting this reduced phase pick-up as a weaker nuclear
magnetic signal at the NV position, which manifests in an increased NV depth.

Figure 5.3: Fitted NV depth d as a func-
tion of π-pulse duration respectively Pπ,
obtained by fitting equation (5.10) to XY8-
10 NMR data recorded on NVB1 at about
412 G, where the π-pulse spacing is τ =
285 ns. The fit was done for either (V )
an infinite volume of proton spins on the
surface with a proton spin density ρV =
50 nm−3, or (A) a two-dimensional surface
layer with a spin density of ρA = (ρV )2/3.
Both approaches result in a depth d that
increases with π-pulse duration, as indi-
cated by the linear fits (solid gray lines).
This demonstrates that the model’s as-
sumption of sharp π-pulses leads to a mas-
sive overestimation of the NV depth.

Based on our results, we conclude that the XY8-k model of Pham et al. is incorrectly
describing XY8-k NMR if non-zero π-pulse lengths are not explicitly considered. Con-
sequently, the model needs to be modified to account for such non-zero pulse lengths.
We propose that this could for instance be done with a similar treatment as presented
in [119], where NV spin rotations during the π-pulses are added to the spin evolution
under XY8-k.
We speculate that the actual depth of the NV is the depth obtained by extrapolating
the data to a π-pulse duration of zero, that is by intersecting the linear fits with the
y-axis, because in this limit (Pπ → 0) the model is accurate. For the data shown here,
that would be roughly 0.4 nm respectively 0.9 nm. This is extraordinarily shallow,
however, we might be underestimating the depth because we are using NVB1, where
harmonic 13C contaminations in the XY8-k NMR spectrum might add to what we
treat as the proton dip (see section 4.1), causing an overestimation of the nuclear
magnetic signal. Also, keep in mind that we are using inappropriate spin densities for



Depth Determination via Proton NMR 113

the analysis of this data, such that neither the absolute depth values, nor the slopes
of the linear fits are quantitatively accurate.
Finally, given that the model is accurate in the limit of Pπ → 0, it is possible to
mitigate the error introduced by the non-zero π-pulse lengths by minimizing Pπ.
This can be done either by employing drastically more MW power than we use here
(to shorten the pulses), or by operating at much lower magnetic fields (to reduce
fNMR and thereby prolong the π-pulse spacing).

To summarize, we have shown that the assumption of instantaneous π-pulses in the
XY8-k depth determination protocol of Pham et al. is invalid for our experiments
where the π-pulses make up about 20 to 40 % of the sequence duration. We show
experimentally that this gives rise to an error on the fitted NV depth. For the data
presented here, this error manifests as an overestimation of the depth by a factor of 2
to 6. To improve the model and enable quantitatively accurate depth determination,
we suggest to extend the model to account for non-zero π-pulses.

5.3 Characterization of the Surface Proton Spin Density
Although we have just provided strong evidence that both the Spin-Lock and the
XY8-k depth determination protocols show conceptional weaknesses and therefore
return incorrect fitting results, we nonetheless will now use these models to further
characterize the surface ensemble of 1H nuclear spins that we have previously studied
in chapter 3, in particular by fitting its proton density. We justify the usage of these
incomplete models with the following three arguments: First, while the fits of the
models are not quantitatively accurate, they at least provide the correct order of
magnitude for the depth, and thus it is worth trying to use them to estimate the
magnitude of the proton density. Second, while a direct comparison of the two models
is not feasible, it is possible to qualitatively compare the results of the same model
as long as the corresponding sequence is unchanged (i.e. equal spin-locking duration
and π-pulse spacing respectively), since in this case the introduced error on the fitting
results is the same. Third, even if we should find unphysical proton densities, we do
at least demonstrate how to employ our models to fit the spin density; a routine
that would remain unchanged once the models themselves are updated to provide a
complete description of proton NMR.
In section 5.3.1, we first study the density of the proton spins that we observe on tri-
acid cleaned diamond. Afterwards, in section 5.3.2, we make a qualitative statement
on how this density changes during the Deuterium termination that we have discussed
in section 3.3.

5.3.1 Density of the Unidentified Surface Protons
We now attempt to use the two NMR models to make an estimate of the density of
the 1H nuclear spin ensemble that we consistently measure on tri-acid cleaned dia-
mond. In chapter 3, we have already investigated this source of protons, and based
on our experimental results, we have concluded that these surface spins are either a
collection of surface-bound hydrogen-rich chemical groups and/or a nanometer thin



Depth Determination via Proton NMR 114

contact layer of water molecules. Therefore, we will now treat this source as either a
two-dimensional ensemble with a surface density ρA, or as a three-dimensional layer
of finite thickness and volume density ρV , or a combination of both. Given the corre-
sponding experimental NMR data, we can then employ our theoretical description of
NMR to fit ρA and/or ρV . In the following, we will present such fits for each of these
three cases.

(Case 1) : A Two-Dimensional Surface Ensemble

We start with the case where we treat the unidentified surface 1H nuclei as a two-
dimensional surface layer of density ρA. In this case, the nuclear magnetic field vari-
ance σ2

A generated by these spins at the NV position is directly given by equation (5.5)
for our approach, respectively by equation (5.14) for Pham et al.’s model, reading

σ2
A = NA

(ℏγHµ0)2

π
·
(ρA

d4

)
, (5.15)

where NA is the respective numerical prefactor, as listed in table 5.1. With this
variance, we can in principle evaluate the outcome of both models numerically, and
thereby attempt to determine ρA. However, it turns out that there is a major caveat,
namely, that we do not know the depth d of the NV, and it is impossible to fit
both d and ρA simultaneously. This is because they appear in both models only via
equation (5.15) as the ratio (ρA/d

4), and consequently, we can only fit this ratio in
an unambiguous manner, but not the individual values of d and ρA.
We solve this issue by adding immersion oil to the diamond surface. In this way, the
NV senses two different spin baths at the same time; the surface protons of unknown
origin and the 1H nuclei in the oil. Since we apply a macroscopic amount of oil, we
describe the oil with an infinitely large three-dimensional spin ensemble of volume
density ρoil = 50 nm−3 [42, 50, 120], such that its magnetic variance is given by (5.6)
and (5.13) respectively, with Z1 = 0 and Z2 = ∞. The total magnetic variance
detected by the NV is then given by the sum of both ensembles, and yields

σ2
A,oil = σ2

A + σ2
oil = (ℏγHµ0)2

π
·
(

NA
ρA

d4 + NV
ρoil

d3

)
, (5.16)

where NA and NV are the respective numerical prefactors, as listed in table 5.1.
Crucially, σ2

A,oil depends on two different ratios, (ρA/d
4) and (ρoil/d

3). For this reason
(and because ρoil is a known constant), we can unambiguously determine both ρA

and d by simultaneously fitting equations (5.15) and (5.16) to NMR experiments
taken with and without immersion oil.
In Figure 5.4 (A), we present the result of such a fit. Here, we measure Spin-Lock
NMR on NVA2 at a bias field of 515 G, once with and once without immersion oil on
the diamond surface. Both spectra were recorded with the same spin-locking duration
of τ = 150 µs that was determined beforehand to maximize the NMR SNR on clean
diamond (see section 3.1.2), and both spectra were integrated for exactly 10 hours.
Simultaneously fitting these spectra with the Spin-Lock NMR model as described
above results in ρA = (1165 ± 1323) nm−2 and d = (18.2 ± 9.3) nm.
In addition, we conduct the same measurements and fitting procedure with the
XY8-k sequence, as shown in Figure 5.4 (B). Here, the spectra were measured
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(A)  Spin-Lock (B)  XY8-k

Figure 5.4: Taking NMR measurements with and without coating the diamond
surface with immersion oil, and subsequently fitting both spectra simultaneously al-
lows us to determine both the NV depth and the density of the unidentified surface
proton spins. Here, we are fitting the data under the assumption that this proton
ensemble is a two-dimensional surface ensemble with density ρA. (A) Fitting of the
Spin-Lock NMR experiments reveals a depth of d = (18.2 ± 9.3) nm and a surface
spin density of ρA = (1165 ± 1323) nm−2. (B) Equal procedure with XY8-k results in
d = (25.0±5.6) nm and ρA = (1243±609) nm−2, and additionally, a finite nuclear T ∗

2
time was fitted to (34.4 ± 5.2) µs. These values indicate that the unidentified source
of surface spins has a much higher proton density than immersion oil.

with k = 80 that was chosen to maximize the SNR on clean diamond (see sec-
tion 4.2). Furthermore, the π-pulse duration was 64 ns in both experiments, such
that Pπ = 28.1 %. Each spectrum was integrated for exactly 10 hours. The fitting is
executed with the same variances as described above, but we now use the numerical
prefactors NA and NV from Pham et al.’s model, and we add the nuclear dephasing
time T ∗

2 as a third fitting parameter. Ultimately, a simultaneous fit of both spectra
yields ρA = (1243 ± 609) nm−2, d = (25.0 ± 5.6) nm and T ∗

2 = (34.4 ± 5.2) µs.

We now discuss these fitting results. First, the NV depths extracted by the two fits are
not equal, but on the same order of magnitude. This was to be expected, since we have
shown that the models are not quantitatively accurate in their depth determination for
our experimental conditions. However, a depth of 18 nm or 25 nm is reasonable for NVs
in diamond A, because SRIM simulations [168] – which are known to underestimate
the implantation depth by a factor of up to two due to negligence of ion crystal
channelling [51,169] – predict a nominal NV depth of roughly 9 nm for this diamond.
Hence, our fitted NV depths are well in accordance with the statistical prediction
of SRIM, which demonstrates that at least the order of magnitude of d is correctly
predicted by the two NMR models.
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The inferred surface spin density ρA, on the other hand, is more than 1000 nm−2. This
seems excessively high, given that the corresponding average proton-proton distance
on the surface is about 0.3 Å, which is unrealistically small. Moreover, the surface
density of carbon atoms on the (001) surface of our diamond is only about 16 nm−2,
as can be calculated by [2a sin(ϕ/2)]−2, where a = 0.3567 nm is the C-C bond length,
and ϕ = 109.5◦ is the angle between C-C bonds in the lattice. Since each carbon
atom provides two dangling bonds, the surface density of attached atoms or chemical
groups should be limited to a maximum of 32 nm−2. Our fit result for ρA exceeds this
by a factor of roughly 35. Hence, we conclude that just a two-dimensional collection of
chemically bonded groups containing hydrogen is not enough to explain the ubiquitous
presence of protons we observe on O-terminated diamond.
Next, we point out that the NMR contrast in Figure 5.4 (A,B) is actually only
marginally increasing when the immersion oil is added. This indicates that the nu-
clear magnetic field that the NV detects is dominated by the unidentified proton
source. In other words, the effective sensing volume of the NV must essentially con-
tain only protons from the unidentified source and essentially no protons from the
immersion oil. Since the NMR sensing volume of a single NV is approximately given
by a semi-sphere on top of the diamond surface with a radius roughly equal to the NV
depth d [44,120], we can imagine three scenarios that would explain our data: Either,
the NV is extremely shallow such that its sensing volume is very tiny and contains
basically only the unidentified two-dimensional surface ensemble; or the unidentified
ensemble is three-dimensional with a thickness on the order of d such that it fills the
entire sensing volume; or the surface spins have a substantially higher proton density
than the oil and outnumber the oil protons by far. Our current fitting routine dis-
regards the second case (we are fitting such three-dimensional ensembles later), and
suggests that the third case is much more likely than the first case, because both
models return ρA ≈ 1200 nm−2 that is significantly larger than (ρoil)2/3 ≈ 13.6 nm−2.
Moreover, we exclude the case of a super-shallow NV, because when we fit the spectra
with the constraints of d < 4 nm and ρA < 1000 nm−2, the resulting fits do not agree
well with the data. Thus, these arguments further substantiate our conclusion that in
case of a 2D layer of protons, this layer would need to be unrealistically dense in or-
der to match our data. Surface-bound groups containing hydrogen alone are therefore
unlikely the sole origin of the proton NMR we measure.
However, keep in mind that the utilized fitting functions have limitations. Let us now
estimate the worst case scenario for how wrong the fitted density ρA might be due to
the error on the fitted depth that we have studied in section 5.2. We have seen that
for Spin-Lock (XY8-k), depending on the choice of τ (the π-pulse length), the fitted
NV depth is modified by a factor of up to 2 (6). Since the depth d and density ρA

appear in the model as the ratio (ρA/d
4), we estimate that the fit of ρA might be off

by up to 24 = 16 in Spin-Lock, and 64 = 1296 in XY8-k. Therefore, contrary to what
we hypothesized in the beginning of this section, in the worst case, the ρA density
we have determined here is in fact one to three orders of magnitude off. In this worst
case, it would be incorrect to exclude chemically bonded groups as the origin of the
observed proton spins.
We note that for all the fits presented here and later below, we assume that the
nuclear T ∗

2 dephasing time is the same for the nuclear spins of unknown origin and in
the oil molecules. This is not necessarily true, because if the unidentified 1H nuclei are
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indeed provided by surface-bound chemical groups containing hydrogen (or a solid-
like contact layer of water in the fits below), they might actually have very different
spin properties and diffusion rates than the 1H nuclei in liquid immersion oil. In the
future, these fits should thus be modified to allow for two different T ∗

2 times. Such an
additional fitting parameter, however, can drastically complicate the fitting process
because it eventually becomes hard to unambiguously fit all these parameters at the
same time.
Finally, the NMR measurement presented here and below are conducted with spin-
locking durations τ (respectively XY8 block repetitions k) that were determined be-
forehand to maximize the SNR on clean diamond without immersion oil, following
the procedure we have presented and discussed in sections 3.1.2 and 4.2. However, it
turns out that in order to maximize the SNR in experiments with immersion oil, or
even more importantly, to maximize the relative difference ∆SNR between the mea-
surements with and without oil, a different choice of τ and k is ideal. We demonstrate
this in the appendix A.7. Importantly though, we also show that for our experimen-
tal regime, the suboptimal choice of τ and k made here leads to only a negligible
reduction in ∆SNR compared to the optimal case.

(Case 2) : A Three-Dimensional Layer of Protons

We now study the case where the unidentified surface proton layer is a three-
dimensional layer with finite thickness. To that end, we fit the same NMR data as
in Figure 5.4, but with different fitting functions. In particular, we now describe the
magnetic field variance generated by the unidentified surface protons with σ2

V from
equations (5.6) and (5.13), substituting Z1 = 0 and Z2 = ∆Z, such that

σ2
V = NV

(ℏγHµ0)2

π
·
(
ρV

d3 − ρV

(d+ ∆Z)3

)
, (5.17)

where we have introduced ∆Z as the thickness of the unidentified ensemble. If there
is immersion oil on top of the 3D proton layer, we use σ2

V,oil = σ2
V + σ2

oil,

σ2
V,oil = NV

(ℏγHµ0)2

π
·
(
ρV

d3 − ρV

(d+ ∆Z)3 + ρoil

(d+ ∆Z)3

)
, (5.18)

where we assume the oil to fill the entire infinite space above the other ensemble,
(Z1 = ∆Z and Z2 → ∞). To fit the NMR data with these functions in an unambiguous
fashion, we need to make an assumption on what the thickness ∆Z is. In the case
of a surface-bound layer of molecules, ∆Z would only be a few angstroms and the
two-dimensional approach presented above would very likely be better suited. For a
thin adsorbate layer of water, any thickness between the size of a few water molecules
to a few nanometers would make sense. This is because in order for water NMR
to be feasible in the first place, molecular diffusion needs to be suppressed; and it
has been shown that such suppression occurs in water that is confined to less than
2 nm [142, 143]. In addition, it has very recently been reported that there is a non-
evaporating sub-nanometer thin layer of water on the diamond surface [147]. For these
reasons, we are here investigating the range of ∆Z ∈ [0.1 nm, 4 nm].
By fixing ∆Z to a value within this range, we simultaneously fit ρV and d, and the
result of this fitting procedure is plotted in Figure 5.5. In the XY8-k fits, we add the
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nuclear T ∗
2 time as a third fitting parameter. As above, we use the same T ∗

2 for both
ensembles, which is a weak approximation that should be avoided in the future. We
find that independent of the choice of ∆Z, up to numerical precision, the T ∗

2 time
fitted this way is always the same, T ∗

2 = (35.0 ± 5.4) µs. We therefore do not plot this
nuclear T ∗

2 in Figure 5.5.

Figure 5.5: Fitting of the same two NMR
spectra as in Figure 5.4, but here we in-
stead treat the unidentified surface spins
as a three-dimensional layer of thickness
∆Z and volume density ρV , and thus use
equations (5.17) and (5.18) for the fit-
ting routine. By fixing the value of ∆Z
and subsequently fitting ρV and d to both
NMR spectra simultaneously results in the
plotted values. The data indicate that the
unidentified proton layer’s density scales
∝ (∆Z)−1, as indicated by the dashed
black line. In the limit ∆Z → 0, we ob-
tain the same depth d as in the 2D case.

The fitted NV depth d scales linearly with the layer thickness ∆Z. As expected, for
values of ∆Z ≪ d (e.g. ∆Z = 0.1 nm) both models return very similar values as when
we treated the surface spins as a two-dimensional ensemble. This demonstrates very
nicely that in the limit of ∆Z → 0, where the 3D layer becomes a 2D surface, the
fitted depths are equal. Furthermore, similar to before, the two models do not yield
the same depth, which we once more assign to their intrinsic weaknesses that affect
the depth fit in different ways.
The spin density ρV resulting from our fits scales ∝ (∆Z)−1, as indicated by the
dashed black line in Figure 5.5. This makes sense, because this scaling guarantees
that the total amount of spins is preserved. The numerical value of ρV is nearly
identical for both sequences. In the case of Spin-Lock, ρV is roughly 180 nm−3 at
∆Z = 4 nm, slowly increases to about 1075 nm−3 at ∆Z = 1 nm, and then rapidly
diverges when approaching ∆Z → 0. All these results for ρV are significantly larger
than the density of protons in oil, ρoil = 50 nm−3 [42,50,120]. The results also exceed
the proton density of liquid water, ρwater = 67 nm−3; a density we have estimated
earlier in equation (3.9). In the case where we are indeed detecting an adsorbate layer
of water molecules as we have speculated in chapter 3 and others have hypothesized
before us [42, 46, 66–68], our fits suggest that this water is significantly more dense
than ordinary liquid water. This is well in agreement with the picture that this water
layer is in a solid-like state with entirely different molecular properties compared to
liquid water [142,143,147]. However, for the same reasons as stated in the discussion
of the ρA fits above, one should be careful with drawing conclusions from the fitted
ρV value, because we are using models that are not fully applicable.
Finally, we attempt a different approach to the fitting of our data. Instead of fixing
∆Z and subsequently fitting ρV and d, we now fix ρV and fit ∆Z and d. Specifically,
we set ρV = 67 nm−3 to the density of liquid water. In this case, we obtain ∆Z =
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(6.7 ± 6.5) nm and ∆Z = (7.3 ± 6.4) nm from fitting the Spin-Lock and XY8-k data
respectively. Abendroth et al. have conducted a similar study [46], where they too
observe a proton signal on clean diamond, and also characterize it with single NV
XY8-k NMR and Pham et al.’s model, both with and without immersion oil, and with
Pπ between 7 % and 18 %. They too speculate that these unidentified protons originate
from an adsorbate water layer, and assuming a proton density of ρV = 60 nm−3, they
report that depending on the NV, the thickness of this water layer is 0.95 nm to
1.8 nm. The fact that they infer a much narrower layer than we do (using the same
XY8-k fit function), is an indicator that the detected water layer varies from diamond
to diamond, or even locally on the same diamond sample.

(Case 3) : A Combination of Both

Finally, we consider the case where there is a combination of (A) a two-dimensional
layer of chemically bonded groups containing hydrogen and (V ) a finite layer of water
on the diamond surface. In the absence of immersion oil, we thus use the variance

σ2
AV = (ℏγHµ0)2

π
·
(

NA
ρA

d4 + NV

[
ρV

d3 − ρV

(d+ ∆Z)3

])
. (5.19)

If immersion oil is applied to the diamond surface, we instead use

σ2
AV,oil = (ℏγHµ0)2

π
·
(

NA
ρA

d4 + NV

[
ρV

d3 − ρV

(d+ ∆Z)3 + ρoil

(d+ ∆Z)3

])
. (5.20)

Given that we have obtained extremely high nuclear spin densities for the unidentified
proton bath if only one of the possible ensembles types (A or V ) is considered, it is
conceivable that fitting with both ensemble types at the same time could lead to more
reasonable results in terms of proton spin density. However, as we will show below,
this is not the case.
If we stick to a layer thickness of ∆Z ∈ [0.1 nm, 4 nm] and fix the surface density
ρA to the upper bound given by the available surface density of carbon bonds, i.e.
to 32 nm−2, and subsequently fit the volume density ρV , we obtain values that are
only 4 % to 10 % lower than the results plotted in Figure 5.5 where we considered
only a three-dimensional proton layer (and the fitted depths are nearly identical).
Alternatively, if ρV is fixed to ρwater = 67 nm−3, we fit surface spin densities ρA that
still exceed 1000 nm−2.
These results show that in order for the models to match to the data, there have to be
a lot of proton spins in the NV detection volume. Consequently, independent of what
kind of spatial extension one assumes for the unidentified proton source (A, V or AV ),
at least one of the involved spin densities (ρA and/or ρV ) needs to be large compared
to the density of available carbon dangling bonds or the density of hydrogen in water
respectively. While it is impossible that ρA of an ensemble of chemically bonded groups
exceeds the density of available carbon dangling bonds by a factor of 35, it could well
be that the spin density of solid-like water layer is larger than ρwater. In particular at
∆Z = 4 nm, this relative difference is “only” a factor of 3. Note that neither of the
the recent reports on adsorbate water layers on diamond [142,147] make a statement
on proton spin density, so it is unclear to us how realistic a spin density enhancement
of 3 really is.
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Based on our preliminary results presented in this section, we hypothesize that the
proton signature we detect on tri-acid cleaned diamond originates mostly from a
thin adsorbate layer of solid-like water, potentially with a small contribution from
hydrogen-rich chemical groups that are part of the oxygen termination. This hypoth-
esis needs to be validated once the models are corrected.
As a final remark, we point out that there could also be protons within the diamond
lattice, a scenario that we have not investigated here. Specifically, such protons in the
diamond lattice can in principle be very close to the NV center, leading to a strong
nuclear magnetic signal that outweighs the contribution obtained by adding oil to
the diamond surface – which is exactly what we have measured. The results from
section 3.2.2 exclude a homogeneous distribution of protons throughout the entire
diamond lattice, however, the scenario where protons have diffused into the diamond
from the outside and therefore only exist near shallow NVs would be consistent with
our data.

5.3.2 Density of the Deuterium Terminated Surface
We will now discuss the data shown in Figure 3.12, where we have measured how the
proton NMR changes when we move from the usual oxygen surface termination to a
deuterium terminated diamond surface, after the NV charge state has been restored
with laser illumination. The analysis we have provided back in section 3.3 was based
on the resonant and off-resonant T1ρ times under these two surfaces, and has lead us
to conclude that the surface spin density of protons must be larger on the converted
D-terminated surface.
Here, we will validate this hypothesis by fitting our theoretical model of Spin-Lock
NMR to the data underlying Figure 3.12. To that end, we treat the surface spins as
a three-dimensional ensemble, and then fit the Spin-Lock model to the data in the

(B)  D2 Surface(A)  O2 Surface

Figure 5.6: Fits of our Spin-Lock model to the from Figure 3.12, where we compared
Spin-Lock proton NMR taken on O-terminated diamond to the Spin-Lock NMR mea-
sured after D-terminating the diamond and restoring the charge state with laser illumi-
nation. For these fits, we treat the surface protons as either a two- or three-dimensional
ensemble. We first fit the depth d using the O-terminated surface data, and by fixing
this depth, we then fit the D-terminated surface data. The resulting surface densities
have a ratio of (ρD2

V /ρO2
V ) = (ρD2

A /ρO2
A ) = 2.045, indicating that the amount of surface

proton spins is twice as high on the laser-treated D-terminated surface.
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following way: First, we pick an arbitrary value for the proton density ρO2
V of the O-

terminated surface. Using this arbitrary value, we then fit the NMR spectrum taken
on the O-terminated surface, and thereby infer the depth d. Afterwards, we keep this
fitted value for d fixed, and determine ρD2

V by fitting the NMR we have measured on
the converted deuterium terminated surface.
While the fit values for d and ρD2

V depend strongly on the initial choice of ρO2
V , the

resulting NMR curve Sc predicted by the model is entirely independent of this initial
choice. Moreover, we obtain the exact same Sc curve if we assume that the proton
ensemble is two-dimensional. These curves are plotted together with the data and the
Lorentzian lineshape fits in Figure 5.6.
Most importantly, not only the fitted curve, but also the ratio between the two re-
sulting densities is independent of the initial density choice and spatial extension
of the proton ensemble. Specifically, we find that (ρD2

V /ρO2
V ) = (ρD2

A /ρO2
A ) = 2.045.

Therefore, our fits reveal that deuterium termination and subsequent laser-induced
charge-state restoration roughly doubles the amount of surface protons. This increase
in density agrees with what we discussed in section 3.3.
Once more, we heed a word of caution. The numeric result for the density ratio might
be incorrect, due to the limitations of our Spin-Lock model. In particular, we are
here comparing the fitting results of two Spin-Lock spectra that were recorded with
different spin-locking times τ , such that we expect them to be subject to different
errors. However, while the exact value of ratio (ρD2

V /ρO2
V ) might therefore not be

captured well by our analysis here, the model is clear in that there is some non-zero
increase in proton density from ρO2

V to ρD2
V .

5.4 Outlook
The immediate next step in continuing the studies of this chapter is to further develop
the two NMR depth determination models. Specifically, the theoretical description we
have derived for Spin-Lock NMR is currently neglecting decoherence in the spin bath,
such that it predicts a Fourier limited NMR linewidth. This is not in agreement
with our data and leads to a depth overestimation. For this reason, it is necessary
to incorporate nuclear spin dephasing and molecular diffusion into the model. We
propose to do this in a similar fashion as in Pham et al.’s description of XY8-k, where
these processes are accounted for by introducing a phenomenological finite nuclear T ∗

2
dephasing time.
For the XY8-k model of Pham et al. [51], we have shown that the fitted depth d
depends on the duration of the employed π-pulses. This demonstrates that the model’s
assumption of instantaneous π-pulses is invalid, and we therefore suggest to extend
the model to account for non-zero pulse durations. This could for instance be done
with a similar treatment as presented in [119], where NV spin rotations during the
π-pulses are added to the spin evolution under XY8-k.
Once these changes have been made, we suggest to repeat the experiments of this
chapter, and for the fits, one should use different T ∗

2 times for the nuclear spins of
the oil and the unknown origin. We expect this approach, combined with improved
NMR models, to yield more accurate results for the depth and spin density.
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We now make a final statement on the surface 1H spins that we have studied in
chapters 3 and 5. We have observed the presence of these spins on two different
diamonds samples, but only with NVs that have short T1ρ relaxation times (i.e. shallow
NVs). Furthermore, these surface spins exhibits a bath-limited NMR linewidth of
about 20 kHz to 40 kHz, that is independent of temperature between 20 ◦C and 70 ◦C.
Based on these results, we have speculated in chapter 3 that we are either dealing with
an ensemble of chemically bonded groups containing hydrogen, or a thin adsorbate
layer of water in a solid-like phase.
In this chapter, we have seen that in either case, these spins appear to be very densely
packed. Specifically, if we treat them as a two-dimensional ensemble, our fitting routine
reveals a surface spin density that exceeds the density of available carbon dangling
bonds by a factor of about 35, which seems highly unphysical. Alternatively, if we
assume that the surface spins are located in a three-dimensional layer of less than 4 nm
thickness, we fit a spin density that is larger than the proton density of liquid water
by a factor of 3 to 100. Specifically for ∆Z > 3 nm, where this factor is less than 4,
the inferred volume spin densities could be realistic. While it is unclear how accurate
these fits are until the theoretical models are reworked, these preliminary results
indicate that an ensemble of surface-bound chemical groups alone is not matching
our data, and that a dense layer of solid-like water of a few nanometer thickness is
likely to be involved. Note that the molecular structure of such a nanometer thin
contact layer of water – in particular its density and diffusion rate – are not yet very
well quantified. Repeating our experiments with quantitatively accurate NMR models
could contribute to the understanding of this exotic state of water.
Finally, we have investigated how the nuclear spin ensemble on the diamond surface
changes when the sample is deuterium terminated and irradiated with a strong laser
for NV charge-state restoration. We find that on this modified surface, the proton
density is about twice as large compared to tri-acid cleaned surfaces, which further
underlines that the unidentified proton source is indeed located at the diamond
surface and affected by the chemical surface composition. For the case of a water
contact layer, this result means that either the molecular structure or the thickness
of this adsorbate layer is different on the two investigated surface terminations.

Finally, let us make a few closing comments on depth determination with NV NMR in
general. Over the last few years, many people have done such depth determination of
individual NV centers with XY8-k [59–69], and they have all used the model of Pham
et al. [51]. However, we have shown in this chapter that this model returns incorrect
depths if the sequence is played with π-pulses that make out more than Pπ ≈ 20 %
of the total sequence duration. For this reason, we suspect that everyone who does
not work with sufficiently fast π-pulses or at low enough magnetic fields, such that
Pπ approaches zero, is overestimating the NV depth.
Furthermore, the experiments presented in this thesis are undoubtedly demonstrat-
ing that there is an ubiquitous source of 1H spins on tri-acid cleaned diamond under
ambient conditions. In any depth determination based on proton NMR with immer-
sion oil, these surface spins needs to be taken into account, or the resulting depth
will definitively be incorrect; especially if these surface spins dominate the nuclear
magnetic signal such as is the case in our experiments. Additionally, we have shown
in chapter 4 that XY8-k depth determination comes with intrinsic issues such as har-
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monic contamination of the NMR spectrum and a limited spectral resolution, which
further complicates a quantitatively accurate fit of the NV depth when measuring
with C13-rich diamond samples and magnetic fields exceeding 400 G. Altogether, the
results of this thesis demonstrate that XY8-k depth determination is not as easy as
many people in the NV community seem to believe.
We have shown experimentally in chapter 4, that Spin-Lock depth determination pro-
vides remedy to all of these issues intrinsic to XY8-k, and it even comes with increased
NMR sensitivity. For these reasons, we propose that it is much better suited for NMR
depth determination. However, the required theoretical description of Spin-Lock NMR
that we have derived in this chapter still needs more refinement. Importantly, it is
yet to be verified that the two depth determination approaches do actually yield the
same result. Furthermore, it is so far entirely unclear to us how the accuracy of the
resulting depth fit compares between these two models. These open questions will
be interesting to explore once the weaknesses of the two NMR models have been
addressed.
A crucial limitation to the robustness of our fitting routine is the small difference in
contrast between NMR with and without applying immersion oil, which we observe on
both NVs we have applied oil to (NVA2 and NVB1). So far, we have not yet found an
NV where this difference is large, as for example Abendroth et al. have measured [46].
We have also not yet discovered an NV center in our diamonds, where there is no
observable 1H NMR after acid cleaning, but there is such a signal after applying oil,
such as Mamin et al. have reported [47]. Instead, all the NVs we have investigated do
either show both of these NMR signals (shallow NVs with T off

1ρ < 300 µs) or neither of
them (deep NVs with T off

1ρ > 1500 µs). We suspect that in order to measure a larger
difference in contrast between NMR experiments with and without oil, we would
require an NV with intermediate depth, i.e. intermediate T1ρ between 300 µs and
1500 µs.
Finally, to extend the horizon of this outlook, we note that once this ubiquitous sur-
face spin ensemble is well understood in terms of layer thickness and spin density,
it will be possible to perform depth determination of shallow NV centers with only
these protons, omitting the need for immersion oil. Not only would this simplify the
experimental procedure in general, but it would be particularly interesting for appli-
cations that employ fragile diamond structures from which immersion oil cannot be
removed that easily, such as for instance mounted diamond scanning tips for scanning
NV magnetometry [27].



CHAPTER 6

Slow Beatings in XY8 Time Traces

In this last, very short chapter, we will present and discuss experimental XY8-k
data that is not directly linked to NMR, but that shows unexpected and surprising
behaviour. As an important disclaimer, we note that it is entirely unclear whether
the observed behaviour is actually real physics, or whether we are dealing with an
experimental artefact originating from broken hardware.
In particular, we observe a beating frequency of a few kHz in XY8-k time traces.
With time traces, we mean measuring the PL resulting from XY8-k as a function
of sequence duration, i.e. as a function of k with fixed π-pulse spacing. Usually, for
such a measurement, we would expect to obtain an exponential decay, as shown in
Figure 1.20 (C), where the exponential decay constant equals the coherence time T xy

2 .
However, in the last few months that we spent working on NMR in the lab, we
consistently observed a slow beating of a few kHz when taking such time traces. We
show two examples of this in Figure 6.1, observed on NVA2 and NVA3 respectively,
at a magnetic field near the ESLAC, and with a π-pulse spacing chosen such that the

(A) (B)

Figure 6.1: XY8-k time traces show a slow beating frequency of about 10.7 kHz
modulated into the exponential T xy

2 spin decay curve. We observe this behavior both
on (A) the shallow NVA2 at 513 G, and on (B) the much deeper NVA3 at 515 G.
The oscillation persists for the entire spin coherence lifetime, that is these cases T xy

2 =
(156±13) µs for NVA2, and more than 2 ms for NVA3. These data were taken on MW
resonance, δ = 0.
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sequence is sensitive to fNMR ≈ 1.8 MHz, far away from the proton NMR resonance.
Both of these time traces show a slow beating of fxy ≈ 10.7 kHz modulated into the
exponential decay envelope given by the respective NV’s T xy

2 coherence time. Here,
we obtain T xy

2 = (156 ± 13) µs for the shallow NVA2, such that there are only a few
periods of the oscillation before the NV spin has fully dephased, and T xy

2 > 2 ms for
the much deeper NVA3, allowing us to take many oscillation cycles. Taking Spin-Lock
time traces under equivalent conditions results in a single exponential decay without
any sign of such a kHz-frequency oscillation.

6.1 Dependency on Detuning and Magnetic Field

Interestingly, we find that the frequency fxy of this oscillation depends very sensitively
on the detuning δ of the applied MW drive. In particular, we observe a surprisingly
asymmetric behaviour of fxy, in that it is very different for positive and negative
detunings. This asymmetry is shown in Figure 6.2, where we measure fxy as a function
of δ at 515 G, fNMR ≈ 1.8 MHz and a π-pulse duration of 192 ns. The data are taken
on each of two separate NVs, NVA3 and NVA4, that both have long coherence times
T xy

2 > 2 ms, which allows us to measure many oscillation periods to minimize the error
on the frequency fit. The experiment reveals that both NVs show the same asymmetric
frequency pattern. There is a local maximum in fxy at a negative detuning of −485 kHz
and −610 kHz respectively. For even larger negative detuning, fxy eventually diverges,
while for a positive detuning of more than 300 kHz it is approaching zero. The fact
that the result is so similar for two different NVs is an indicator that the beatings
are not due to a NV specific local effect, such as coherent coupling to a single nearby
crystal defect, strain or stress in the particular nanopillar, or dirt on its surface.

Figure 6.2: Frequency fxy of the
beating observed in XY8-k time
traces, taken as a function of MW
detuning on both NVA3 and NVA4.
We find a surprisingly asymmetric
behaviour that is very similar on both
NVs. The blue line is a fit to a super-
low power pulsed ODMR on NVA3.
These data were taken at a magnetic
field of 515 G, with a π-pulse of 192 ns
and at fNMR ≈ 1.8 MHz that is far
away from the proton NMR.

Figure 6.2 also shows a super-low power pulsed ODMR experiment with a width of
only 206 kHz, that was taken on NVA3 at 515 G just prior to the fxy measurements. In
this ODMR spectrum, there is only a single hyperpolarized line, and no asymmetry or
secondary dips, in particular not at the negative detuning where the beating frequency
is large. Note that we obtain a similar ODMR on NVA4, however we do not plot it
here. The ODMR data indicate that the investigated NVs are neither a doublet of
two NVs, nor is there any strong coupling to P1-centers or nearby 13C, since all these
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things should show up in the pulsed ODMR experiments. We therefore exclude such
coherent interaction with other nearby spins as the origin of the observed beating.
This conclusion is supported by the fact that we are working an isotopically purified
diamond which has a very low likelihood of 13C nuclei near the NV center.
Since the XY8-k sequence tends to behave poorly when the π-pulses become too long,
we investigated whether the beating frequency fxy disappears when we use shorter π-
pulse lengths. Interestingly though, the contrary is true, as shown in Figure 6.3. When
we shorten the π-pulse length from 192 ns to either 152 ns or 112 ns, we find additional
local maxima in fxy, that become more pronounced the shorter the employed pulses.

Figure 6.3: Investigation of how the
XY8-k beating frequency pattern de-
pends on the employed π-pulse dura-
tion. The data reveal that for shorter
π-pulses, there are additional local
maxima in fxy which become more
pronounced the faster the π-pulses
become. In this case, we were mea-
suring on NVA4 at a magnetic field
of 515 G. The black data points repre-
sent time traces where no meaningful
beating frequency could be identified.

Finally, in order to test to what extend the ESLAC is relevant in the observation
of these beatings, we measure such XY8-k time traces for away from the ESLAC at
305 G. As plotted in Figure 6.4, this has a clear effect on fxy. While there is still a
local maxima in fxy at negative detunings, it has been shifted away from the NV spin
transition to δ = −2250 kHz and reduced to a maximum of fxy = 5.2 kHz. For a large
range around resonance, no beating was observable in the XY8-k time trace at all
(indicated by black crosses). Note that for these measurements, we used π-pulses as
fast as we could possible achieve, namely 56 ns.

Figure 6.4: Measuring the beating
frequency fxy in XY8-k traces on
NVA4 at a magnetic field of 305 G
far away from the ESLAC, with very
fast π-pulses of 56 ns, reveals that
the fxy frequency pattern changes
a lot. The local maxima at nega-
tive detuning is shifted away from
MW resonance, to δ = −2250 kHz,
and the maximal fxy reduces to to
5.2 kHz. The black crosses represent
measurements where no beating fre-
quency could be identified.
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6.2 Dependency on Experiment Hardware
Apart from the experiments described so far, we undertook many efforts to investigate
whether the observed XY8-k beating could be an experimental artefact. Historically,
starting from March 2024, we have consistently seen such beatings in XY8-k time
traces, and in XY8-k NMR spectra we obtain wildly distorted backgrounds that we
suspect to be related to these beatings. Before March 2024, however, we have never
had such issues, instead we have always obtained smooth backgrounds in XY8-k NMR.
Furthermore, we have not seen any beatings in the four time traces we have recorded
before March 2024. Based on this, it is likely that something in our experimental
setup broke in spring 2024 and is introducing the beatings we see.
For this reason, we have thoroughly checked and replaced every piece of hardware
relevant to playing the XY8-k sequence: from the signal generators, amplifier and
antenna, to every single co-axial cable and SMA interface. The only thing that had
an immediate effect on the XY8-k oscillation was exchanging the circulator that we
place after the amplifier to prevent harmful back-reflections from damaging the am-
plifier and SHFSG. Doing so has temporarily removed the beatings entirely, however,
running XY8-k NMR for a few days with a new circulator has slowly been reintro-
ducing the beatings. We speculate that there might be too much MW power in the
circulator such that it is slowly breaking and thereby giving rise to the XY8-k beating
we observe. We have ordered a new circulator with a higher MW power tolerance, but
we have not yet been able to check whether the XY8-k beatings persist when using
this new device.

6.3 Outlook

In summary, we have reported on a slow kHz-frequency beating in XY8-k time traces,
whose frequency scales with the MW detuning in a highly reproducible and surpris-
ingly asymmetric fashion. Moreover, the beating frequency appears to depend on
both ESLAC proximity and π-pulse duration. Such asymmetric behaviour near the
ESLAC could be indicative of interesting physics. The ESLAC itself is asymmetric
with regard to where exactly the spin level anti-crossings occurs, which could perhaps
explain the asymmetry we observe. However, we have also given arguments that the
beatings might just as well be caused by damaged MW hardware – a hypothesis we
have not yet been able to test any further.
We note that the harmonic features that we observed in the XY8-k NMR spectrum
of NVB1 (see Figure 4.1) could perhaps be related to the oscillations that we de-
scribed here. While this seems unlikely given that all harmonic features immediately
disappeared when we switched to NVA2, it has also been NVA2 that has shown these
oscillations very consistently half a year later. In addition, we point out that both the
beating pattern and the XY8-k contaminations reduce in intensity when the applied
magnetic field is decreased to fields far away from the ESLAC. This is an indicator
that they might indeed be related. Both the NMR contaminations and the time trace
beatings – as well as their potential relation to each other – need further investigation.
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A.1 Home-Built Measurement Setup
All experiments described in this work were conducted on a home-built confocal mi-
croscope setup. In this section, this setup is described in detail. In section A.1.1, the
optical part of the setup is discussed. Then, in section A.1.2, we describe the spe-
cial magnetic arrangement that allows for the precise control of an external magnetic
field necessary to precisely align it with the NV symmetry axis. Afterwards, in sec-
tion A.1.3, the microwave generation is described, where we explain how the Zurich
Instruments SHFSG device is used to play arbitrary microwave pulse sequences and
at the same time synchronize all involved experiment components.

A.1.1 The Optical Setup
Essentially, our home-built setup is a confocal microscope. We use a green laser with
515 nm wavelength (Cobolt 06-MLD) whose output we couple into an optical fiber
(ThorLabs P3-460B-FC-2). This fiber guides the green laser light to the confocal
optics, that are assembled on one large breadboard, as shown in Figure A.1. First, the
laser is out-coupled from the fiber with an objective (Olympus LMPLFLN10x, NA =
0.5) on a linear translation mount (ThorLabs SM1ZA). Afterwards, the collimated
laser beam passes a bandpass filter (ThorLabs FL514.5-10) which ensures that only
green light of (514.5 ± 10.0) nm is transmitted. Two subsequent mirrors (ThorLabs
BB2-E02), mounted on kinematic retention mounts (ThorLabs Polaris-K1E) allow for
precise laser beam alignment. Then, the laser reaches the dichroic mirror (Lasermux
LM01-552-25), the center piece of the microscope that separates the green illumination
from the red photoluminescence. Here, the green light is reflected and sent to the
mirror on top of a piezo scanner (XYZ Piezo Flexure Stage P-517.3CD) that sends the
light downwards to the main objective (Olympus LMPLFLN100x, NA = 0.8) which
focuses the collimated green beam onto the diamond sample. Since the objective is
attached to the piezo scanner, it is possible to accurately move the laser focus across
the diamond. The scanner’s movement range is approximately 100 µm in X and Y ,
and 20 µm in Z.
The red light emitted by the NV defect in the diamond is collected by the same
objective that focuses the green onto the diamond, and therefore the collected PL
moves along the same optical path as the green, but in opposite direction. At the

https://hubner-photonics.com/products/lasers/diode-lasers/06-01-series/
https://www.thorlabs.com/thorproduct.cfm?partnumber=P3-460B-FC-2
https://www.olympus-ims.com/en/microscope/lmplfln/
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1ZA
https://www.thorlabs.com/thorproduct.cfm?partnumber=FL514.5-10
https://www.thorlabs.com/thorproduct.cfm?partnumber=BB1-E02
https://www.thorlabs.com/thorproduct.cfm?partnumber=BB1-E02
https://www.thorlabs.com/thorproduct.cfm?partnumber=POLARIS-K1E
https://www.laser2000.co.uk/product/lm01-552-25
https://www.laser2000.co.uk/product/lm01-552-25
https://www.physikinstrumente.com/en/products/nanopositioning-piezo-flexure-stages/multi-axis-piezo-flexure-stages/p-517-p-527-multi-axis-piezo-scanner-201500
https://www.olympus-ims.com/en/microscope/lmplfln/
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Figure A.1: True to scale schematic of the breadboard where all the optics of our
home-built confocal microscope are assembled. Green laser light is focused onto the
diamond underneath the piezo scanner. The emitted red PL is collected and separated
from the green laser light by a dichroic mirror. A LED lamp provides back focal plane
illumination, such that a simple camera can image the diamond surface.

dichroic mirror, the red light is transmitted and thereby separated from the green
laser light. Similar to the green path, the red path has two mirrors (ThorLabs BB2-
E02) on kinetic mounts (ThorLabs Polaris-K1E) for beam alignment. In addition,
there is an optical longpass filer (ThorLabs FELH0650) with a cut-off wavelength of
650 nm, which removes the NV− phonon sideband. Then, the red light is coupled into
a telecom wavelength fiber (ThorLabs SMF-28-J9 Custom), which delivers the red PL
to an avalanche photon detector (APD, Excelitas SPCM-CD) that counts the amount
of red photons.
The setup also hosts back focal plane illumination with blue-green light of 490 nm
provided by a LED lamp (ThorLabs M490L4). This light is sent from the LED to the
diamond via two pellicles, a large 2-inch one directly at the LED output (ThorLabs
BP245B1), and a small 1-inch one (ThorLabs BP109) mounted on a motorized flip
mount (ThorLabs MFF101). With this flip mount, the LED path can be entirely
removed from the green-red path. To view the laser spot on the diamond or the
illuminated back focal plane, there is a camera (Watec WAT-120N+) in the LED
path, that collects a fraction of all light returning from the diamond.

https://www.thorlabs.com/thorproduct.cfm?partnumber=BB1-E02
https://www.thorlabs.com/thorproduct.cfm?partnumber=BB1-E02
https://www.thorlabs.com/thorproduct.cfm?partnumber=POLARIS-K1E
https://www.thorlabs.com/thorproduct.cfm?partnumber=FELH0650
https://www.thorlabs.com/thorproduct.cfm?partnumber=SMF-28-J9
https://www.excelitas.com/product-category/single-photon-counting-modules
https://www.thorlabs.com/thorproduct.cfm?partnumber=M490L4
https://www.thorlabs.com/thorproduct.cfm?partnumber=BP245B1
https://www.thorlabs.com/thorproduct.cfm?partnumber=BP245B1
https://www.thorlabs.com/thorproduct.cfm?partnumber=BP108
https://www.thorlabs.com/thorproduct.cfm?partnumber=MFF101
https://www.ivsimaging.com/Products/Cameras/Watec/Watec-WAT-120N-
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A.1.2 Goniometric Magnet Stage
The breadboard described in the previous section is fixed on several dynamically
damped posts (ThorLabs DP12A/M) for vibration isolation, leaving space underneath
for the diamond and the magnetic arrangement. This arrangement is depicted in
Figure A.2. The diamond is mounted flat on a manual XYZ stage (Newport M-562-
XYZ). For the (001)-oriented diamond crystals we typically work with, this means that
one of the four possible NV directions, (111), (111), (111), or (111), is lying in theX-Z-
plane, tilted by 54° with respect to Z. Therefore, in order to produce a static magnetic
field that is aligned with this particular NV orientation, a permanent neodymium disk
magnet (supermagnete.ch GTN-32) is positioned such that its rotation symmetry axis
lies in the X-Z-plane at 54°, pointing at the laser focal spot, as shown in Figure A.2.
This is achieved with a manual XY stage (ThorLabs PT1/M) and a custom made
aluminium wedge with a top surface at 54°.
In addition, this permanent magnet is mounted on a goniometric stage (SmarAct
SGO-60.5r2dl-7 and SGO-77.5r2dl-1) that can rotate the magnet in two orthogonal
directions with ±5◦ angular range each. This allows for fine tuning the alignment
of the static magnetic field and the NV axis with sub millidegree accuracy. Finally,
there is a linear motor (ThorLabs ZFS25B) that controls the axial distance between
the magnet and the diamond sample. This enables control over the magnetic field
strength in an automated fashion. Note that the goniometer’s center of rotation is
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Figure A.2: Visualization of the magnetic arrangement. A permanent neodymium
disk magnet (red) is mounted on a goniometric stage at an angle of about 54°, such
that it is roughly aligned with the NV axis of a (001) diamond crystal (blue). The
goniometer’s two angular degrees of freedom then allow for rotation of the magnet
about the NV position with sub millidegree precision, such that the magnet’s field
vector can carefully be aligned with the NV axis with high precision. The optics are
assembled on a breadboard above this magnetic setup, and an objective focusses the
laser onto the diamond. A piezo scanner moves this laser spot. Microwave delivery is
realized by a gold wire loop antenna positioned in close proximity to the NV.

https://www.thorlabs.com/thorproduct.cfm?partnumber=DP12A/M
https://www.newport.com/f/562-ultralign-precision-multi-axis-positioning-stages
https://www.newport.com/f/562-ultralign-precision-multi-axis-positioning-stages
https://www.supermagnete.ch/topfmagnete-mit-gewindezapfen/topfmagnet-mit-gewindezapfen-32mm_GTN-32
https://www.thorlabs.com/thorproduct.cfm?partnumber=PT1/M
https://www.smaract.com/en/goniometer-stages/product/cgo-60-5-goniometer-stage#description
https://www.smaract.com/en/goniometer-stages/product/cgo-60-5-goniometer-stage#description
https://www.smaract.com/en/goniometer-stages/product/cgo-77-5-goniometer-stage#description
https://www.thorlabs.com/thorproduct.cfm?partnumber=ZFS25B
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only the diamond, if the distance from the magnet to diamond is chosen such that
the magnetic field at the diamond’s position is roughly 500 G.
Apart from the optics and the magnetic setup, the experiment requires a third crucial
component: A microwave (MW) field for coherent spin control. This MW is delivered
to the NV with a home-made gold wire loop antenna, which is brought into close
proximity to the NV with a manual XYZ stage (Newport M-462-XYZ-M). This is
depicted in Figure A.2.

A.1.3 Sequence Generation with the SHFSG
The AC signal sent through this antenna is generated by a Zurich Instruments SHFSG.
This SHFSG has four main channels, and each of them is equipped with its own
local oscillator and an arbitrary waveform generator (AWG) core. This means that
each channel can play a microwave tone with an arbitrary waveform envelope in its
microwave output port. We use these waveforms to effectively pulse the microwave
output. In particular, we play Gaussian ramps with constant amplitude in between
these ramps. The duration of this flat part between the ramps is what we sweep
in Rabi-type experiments. Conveniently, the SHFSG provides full control over the
phase of the output, which allows us to implement the necessary phase shifts between
pulses for Spin-Lock and XY8-k experiments. Note that the SHFSG can output any
frequency between DC and 8.5 GHz with up to 0 dBm power, and it has a timing
resolution on the AWG core of 0.5 ns.
The microwave path of our experimental setup, shown in blue in Figure A.3, starts at
the first SHFSG channel (ch.01) that plays the microwave signal we need for coherent
driving of the NV spin, in either a continuous wave (CW) fashion, or with pulses as
described above. Low-loss coaxial SMA cables then carry the signal to an amplifier
(Mini-Circuits ZHL-15W-422-S+) that has an approximate gain of 46 dB, up to a
saturation power of 41 dBm (=15 W). Then, the amplified signal is sent through a
circulator (Fairview Mircowave SFC2040A). The sole purpose of the circulator is
to gate any back reflection coming from its output to an attenuator (MiniCircuits
BW-S30W20+) and subsequent terminator (ThorLabs FT500). This ensures that
these back reflections do not arrive in the amplifier which could potentially damage
the SHFSG or the amplifier itself. Finally, the signal is sent through the gold wire
loop antenna, which is basically nothing but a thin gold wire short-cutting the
conductance and ground of the coaxial cable. There is a DC Block (MiniCircuits
BLK-18-S+) in front of the antenna to cut off large DC signals that cause unnecessary
heating in the antenna’s thin gold wire.

The SHFSG can not only play microwave signals, but it can also provide digital trigger
pulses with 0.5 ns timing precision. Each channel has such a digital marker output
port, and an additional trigger input port to listen to such triggers. These digital
marker pulses are used to trigger, pulse and synchronize all the components necessary
to run the experiment. In the following, we discuss in detail how this is done.
The second SHFSG channel, ch.02, sends triggers to the DAQ card to count the
ticks from the APD. These triggers are required to bin the counted ticks such that
they can be assigned to the correct experiment repetition. The third SHFSG channel,
ch.03, pulses the laser (green in Figure A.3), to control precisely when the NV is

https://www.newport.com/p/M-462-XYZ-M
https://www.zhinst.com/ch/en/products/shfsg-signal-generator
https://www.minicircuits.com/pdfs/ZHL-15W-422-S+.pdf
https://www.fairviewmicrowave.com/content/dam/infinite-electronics/product-assets/fairview-microwave/product-datasheets/SFC2040A.pdf
https://www.minicircuits.com/WebStore/dashboard.html?model=BW-S30W20%2B
https://www.minicircuits.com/WebStore/dashboard.html?model=BW-S30W20%2B
https://www.thorlabs.com/thorproduct.cfm?partnumber=FT500
https://www.minicircuits.com/WebStore/dashboard.html?model=BLK-18-S%2B
https://www.minicircuits.com/WebStore/dashboard.html?model=BLK-18-S%2B
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Figure A.3: The SHFSG serves as microwave source, AWG and pulse synchronization
clock. The first channel plays the microwave signal, that is fed into the microwave
generation part of the setup (blue frames). Channels 2 and 4 pulse the DAQ card
and the APD counter switch, providing the means for PL collection (red frames), and
channel 3 pulses the laser (green frame). By triggering channel 1 with its own trigger
output, all channels can be synchronized.

illuminated with green light. Our laser can be pulsed directly with such a digital
trigger; we do not need an acousto-optic modulator (AOM) for this. Finally, ch.04
controls the counter window. This is necessary because the APD is counting the red
PL all the time, however, in a pulsed experiment we only want to collect the PL in a
well defined readout window. This is realized by gating the APD counts with a switch
(MiniCircuits ZASWA-2-50DR+) before sending them to the DAQ card. The SHFSG
ch.04 opens and closes this switch.
In order to synchronize the microwave signal of ch.01 with the digital trigger pulses
of ch.02-04 we use the trigger output of ch.01, as shown in Figure A.3, where a global
trigger pulse is played and sent straight back into the trigger input of ch.01. All other
channels are listening to this trigger input, and act simultaneously upon detecting a
falling edge, see Figure A.4 (A). In addition, to synchronize the post-sequence pulses
(in particular laser and counter), each channel is playing the entire sequence (i.e. the
waveform envelopes) in its signal output, yet only ch.01 has the output enabled (i.e.
a MW modulated into these waveforms), see Figure A.4 (A). This way, all channels
are dynamically synchronized, but only ch.01 is outputting a non-zero MW signal.
The nice benefit of this is that in principle, one could just turn on the MW output
of ch.02 (i.e. modulate a signal into the played waveform) with a different frequency
than ch.01 and very easily implement double frequency pulses to do double resonance
experiments.

https://www.datasheets360.com/pdf/-5096707891246862134
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(A) Sequence as programmed on the computer
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Figure A.4: Synchronization of the experiment components. The first SHFSG chan-
nel (ch.01) plays a global trigger to itself, while the other three channels (ch.02-04)
listen to that trigger. To account for delays of the device, such as non-zero reac-
tion times to triggers (black arrows) or slow response to opening microwave chan-
nels (MWdelay), there are multiple timing corrections in the sequence (indicated by
“+32” and “−64” which are corrections in nanoseconds). Panel (A) shows how the
experiment is programmed in LabOne on the computer, and (B) shows the resulting
output of the SHFSG as one could measure with an oscilloscope. Numbers are given
in nanoseconds.

Unfortunately, there are various different delays happening in the device. For in-
stance, the device has non-zero reaction times when answering to triggers or playing
microwave pulses. To account for these, multiple timing corrections are added to the
sequence. Figure A.4 (A) shows the experiment framework as implemented on the
computer in the SHFSG’s LabOne code, while Figure A.4 (B) depicts what the de-
vice actually plays, e.g. what one would observe with an oscilloscope if they were to
measure the different outputs. Here “MWdelay” denotes just this delay. Furthermore,
and “L2MW” is the laser to microwave delay that is played to allow the NV spin
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population to relax into |0⟩ after optical pumping. In Figure A.4, delay are depicted
in grey, and non-zero outputs are highlighted in color.
Note that there are more timing delays introduced by the hardware. For example,
microwave components, or different coaxial cable lengths, or even the laser itself, etc,
all introduce nanosecond delays. However, we did not look into these. The crucial
timings for our experiments are on one hand the length and position of the π-pulses
within a given sequence (which is ensured by the LabOne code), and on the other hand
a clean interface between the end of the pulse sequence’s last pulse and the beginning
of the laser and counter, which we optimized by maximizing ODMR contrast via the
timings shown in Figure A.4 (A).

A.2 Diamond Samples
In this thesis, we have worked with various different NVs hosted in three different
diamond samples. For simplicity, we call these three diamond samples diamond A, B
and C, while in our research group’s internal nomenclature, their names are 60010,
00010F and 60012. In the following, we describe these three diamond samples, how
their NV defects were created and what nanostructures have been fabricated on them.

Diamond A

The majority of our experimental results were obtained on what we call diamond
sample A (respectively 60010 in our group’s internal nomenclature). It is an “elec-
tronic grade” single-crystal diamond sample from Element Six, with a (001) oriented
crystal surface, and one edge along the (110) direction. On this diamond substrate, an
approximately 80 µm thick layer of ultra-pure 12C-enriched diamond has been grown.
This means that there is less than 10 ppm of 13C isotopes in the diamond lattice of
this layer. That is a negligible amount for our experiments; and we therefore call this
diamond layer “isotopically purified”.
The top 50 µm of the isotopically purified layer have been sliced off, and both sides of
the resulting 50 µm thin diamond have been polished by Almax. This polish reduces
the surface roughness to a point where surface light scattering is small enough such
that it is possible to focus a Gaussian laser beam through the surface.
We then creature NVs via 15N ion implantation and annealing, and subsequently
fabricate parabolic nanopillars. We describe this process in detail in section A.2.1.
Importantly, due to implantation of 15N and a small natural abundance of 14N in
this diamond, we obtain NVs formed by either nitrogen isotope. The 15N defects are
always shallow, meanwhile the 14N defects can be located anywhere in the sample.

Diamond B

The diamond we call diamond B (respectively 00010F in our group’s internal nomen-
clature) is another “electronic grade” diamond from Element Six. It too has a (001)
oriented crystal surface, and one edge along the (110) direction. However, opposite to
diamond A, no further diamond growth was performed on this diamond. Instead, it
was straight away sliced and polished by Almax down to a thickness of about 60 µm.
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Afterwards, NVs and nanopillars were created in the same fashion as on diamond A,
see section A.2.1.
The two key differences compared to diamond A is that diamond B was implanted
with 14N ions, such that its NV centers are exclusively formed by 14N. In addition,
diamond B is not 12C enriched, which means that there is plenty of 13C present its
lattice, resulting in shorter T ∗

2 coherence times of the NV electron spins.

Diamond C

Diamond C (respectively 60012) has been grown on a CVD diamond substrate along
the (113) crystal orientation. This special growth direction, combined with using a
12C and 15N enriched gas mixture for growth, facilitates nitrogen incorporation and
allows for the creation of NVs that are preferentially oriented along the NV-axis lying
closest to the growth plane, such that approximately 73% of the NVs in the grown
crystal point in the same direction [171]. Created with this growth technique, diamond
C is a 15 µm thick (113) diamond layer with an estimated NV density of ∼ 300 ppb
and a P1-center density of ∼0.1 ppm [172]. Opposite to diamond A and B, no further
nanofabrication was performed on this diamond. This diamond serves as a sample
for ensemble measurements. In particular, we have used it to demonstrate that the
all-optical sensing scheme we present in chapter 2 works on an entire NV ensemble.

A.2.1 NV Creation and Nanopillar Fabrication
Let us now discuss the NV creation and nanostructures fabrication performed on di-
amonds A and B. The NVs were created by ion implantation and subsequent sample
annealing [173]. For implantation, as depicted in Figure A.5 (A), high-energy ions
are shot at the diamond. Specifically, we employ singly charged nitrogen ions, either
14N or 15N, with a flux of 1011 cm−2 and at a 7◦ angle with respect to the dia-

NVDiamond

(A) (B) (C) (D) (E)1200°

V NV

FOx Spin

NV

EBL TMAH

(J) (I) (H) (G) (F)Etch Etch EtchEtchHF

Figure A.5: Visualization of the nanopillar fabrication process of diamond A and
B. First, (A) Nitrogen ion implantation creates substitutional nitrogen atoms and
plenty of crystal vacancies, and (B) subsequent annealing forms stable NV centers.
For pillar fabrication, (C) a FOx masks is spun, and (D) written with an electron
beam. Finally, (E) the mask is developed in TMAH to remove the unwritten parts.
Afterwards, (F)-(I) the diamond is etched in a plasma of O2 and CF4. By stepwise
increasing the CF4 concentration, the resulting nanopillar is etched into a parabolic
shape. In the end, (J) the mask is entirely removed with HF.



Appendix 136

Diamond A Diamond B
Nitrogen Ion Species 15N 14N
Ion Energy [keV] 6 12
Dose [ions/cm2] 1011 1011

Incident Angle [°] 7 7
Company CuttingEdge Innovion
Nominal Implantation Depth [nm] 9 18

Table A.1: List of nitrogen ion implantation parameters for diamond A and B.

mond surface. The ion energy is different for the diamonds, as shown in table A.1,
resulting in different implantation depths. In particular, stopping range of ions in
matter (SRIM) simulations [168] predict a nominal implantation depth of about 9 nm
for diamond A [174], and about twice of that for diamond B. However, since SRIM
does not consider certain effects such as crystal channelling of ions, it systematically
underestimates the predicted implantation depths [51,169].
Bombarding the sample with such high energy nitrogen ions does not only implant
these ions into the diamond lattice, but each single ion also creates a trace of vacancies
in the lattice. These vacancies need to be coupled with one of the implanted nitrogen
ions to form a NV center. This is why after implantation, the diamond is annealed; that
means it is baked in a home-built vacuum oven at high temperature. At temperatures
above 600◦C the vacancies start moving in the carbon lattice [175], until they are
adjacent to a substitutional nitrogen ion, where they bind together to form a stable
NV center, as depicted in Figure A.5 (B). We employed the recipe from [173], where
the temperature is increased stepwise with 1 h ramps up to a maximum temperature of
1200 ◦C, see table A.2. Note that today, we know that this temperature is slightly too
high and can lead to significant surface graphitization, reducing the resulting depth
of the NVs, or even worse, remove the entire layer of implanted nitrogen [141, 175].
This is why today, the maximal temperature we anneal at is 1100 ◦C. In addition, we
have learned that doing much longer ramps of 6 h between temperature steps reduces
the pressure in the chamber which helps with further minimizing diamond surface
graphitization [141].
To increase PL collection efficiency, parabolic diamond pillars were fabricated on the
diamond surface subsequent to NV creation [176], in a way such that there is a high
chance of finding a single NV in the apex of the pillar. The main reason why such

Duration [min] 60 240 60 480 60 120 120
Start [◦C] 20 400 400 800 800 1200 1200
End [◦C] 400 400 800 800 1200 1200 20

Table A.2: Annealing parameters for the process done with diamond A and B.
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Baking 5 min at 120 ◦C
Spin FOx 5 µL with 6000 RPM for 60 s
Baking 5 min at 120 ◦C
Spin Electra 6 µL with 2500 RPM for 60 s
Baking 5 min at 120 ◦C

Table A.3: List of FOx spinning parameters for diamond A and B.

parabolic nanopillars are desirable is that they have wave-guiding properties. Simply
put, these pillars’ geometry acts like a parabolic mirror in that it focuses light modes
inside the pillar onto the NV in its apex due to total internal reflection. This means
that focussing the laser through the diamond onto the base of the pillar leads to not
only an enhanced laser focus onto the NV in the pillar tip, it also helps collecting
the isotropically emitted red photons and channels them in a single direction: Back
to where the laser came from. For our experiment architecture (see Figure A.1.2),
this means that such nanostructures increase the obtained PL signal by a factor of
10 to 50, and at the same time they drastically reduce the necessary laser power to
saturate the NV, from up to a few milliwatts to a only about 50 µW. Apart from these
wave-guiding properties, these nanopillars have a second crucial advantage compared
to working with NVs in bulk diamond: The pillar architecture allow us to reliably find
the exact same NV within a diamond. While for bulk samples it is near impossible
to discern between single NVs, it is simple to create nanopillars in a systematic and
labelled fashion so they can be individually identified.
These parabolic nanopillars are created by electron-beam lithography, following the
recipe from [176]. For this, we first spin a DuPont FOx-16 mask layer onto the diamond
surface, Figure A.5 (C), followed by a thin layer of Allresist Electra that is electrically
conductive and helps with discharging the sample during the exposure to the electron
beam. The parameters for spinning are shown in table A.3.
After FOx spinning, the diamond sample is mounted in an electron beam lithography
system, where an electron beam of 30 keV and 4 mC/cm2 is used to write the pillar field
structures into the mask. This is shown in Figure A.5 (D). Importantly, we write each
pillar with two concentric circular areas of different radii to obtain an trapezoidal mask
cross-section. Afterwards, the mask is developed in TMAH for 30 s, which removes
all the unwritten parts, see Figure A.5 (E). Then, in an inductively coupled plasma
reactive ion etching (ICP-RIE) system, the diamond is etched with a plasma of O2
and CF4 gas, removing diamond in all parts not covered by the mask. This way, the
pillars are formed as shown in Figure A.5 (F). While the mask is very resistant against
a pure oxygen plasma, it is attacked more the higher the CF4 concentration in the
plasma. Therefore, to shape them into the desired parabolic shape, multiple etch steps
of increasing CF4 concentration are performed, as depicted in Figure A.5 (G-I). An
exact list of parameters for each of these etching steps in shown in table A.4 and A.5
respectively. Finally, once the desired pillar shape is achieved, the remainder of the
mask is removed from the pillar tips with HF acid, see Figure A.5 (J).
An optical microscope image of the finished result is shown in Figure A.6 (A). Note

https://www.dupont.com/electronics-industrial/spin-on-dielectrics.html#headingacc1
https://www.allresist.com/portfolio-item/protective-coating-ar-pc-5090-02-electra-92/
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that apart from the pillar themselves, we have also written wall-like features to help
differentiating between pillar fields. Each of these fields has 90 pillars and a label
to facilitate the identification. In order to not etch the entire diamond but only the
relevant area, we have used a quartz mask to protect a large part of the diamond.
This has lead to the etch marks around the written pillar fields. Furthermore, in
Figure A.6 (B, C), there are scanning electron microscope (SRM) images that show
an example of how a single finished pillar looks. In this particular images, the mask
is still on top of the pillar.
If the unetched top surface’s radius of the pillar is matched to the average distance
between NVs in the diamond before fabrication, one can achieve single NVs in a large
portion of the pillars. However, in the case of diamond A, the NV density after anneal-
ing was very low, and we would have needed to create giant pillars with a diameter of
more than 1 µm in order to achieve a single NV probability of > 50%. Unfortunately,

Repetitions Duration CF4 [sccm] O2 [sccm] Power [W] Pressure [Pa]
10x 4 s 2 50 500, 50 0.5
10x 120 s 0 50 500, 110 0.5
8x 3 s 2 50 500, 50 0.5
8x 120 s 0 50 500, 110 0.5
15x 60 s 2 50 500, 50 0.5
2x 50 s 3 50 500, 50 0.5
1x 37 s 6 50 500, 50 0.5
1x 13 s 10 50 500, 50 0.5
1x 10 s 12 50 500, 50 0.5

Table A.4: List of parameters for the etch steps on diamonds A.

(A) (B) (C)

Figure A.6: Microscope images of the fabricated nanostructures on diamond A.
(A) Optical microscope image of the entire diamond sample, showing the pillarfield
structure in the botton right. (B) Scanning electron microscope image of a few pillars.
The bottom right features are labels used to identify each pillar field. (C) Zoom onto
one pillar tip demonstrating the parabolic shape, where the FOx mask is still on top.
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Repetitions Duration CF4 [sccm] O2 [sccm] Power [W] Pressure [Pa]
10x 4 s 2 50 500, 50 0.5
10x 120 s 0 50 500, 110 0.5
15x 60 s 2 50 500, 50 0.5
2x 45 s 3 50 500, 50 0.5
1x 30 s 6 50 500, 50 0.5
1x 22 s 8 50 500, 50 0.5

Table A.5: List of exact parameters for the etch steps on diamond B.

pillars this large are expected to have very poor wave-guiding properties. This is why
we instead opted for a top diameter of around 400 nm which has previously been
proven to have excellent optical qualities, and in turn deal with only about one to
five NVs per 100 pillars. In the end, the pillars on diamond A turned out to have an
average top diameter 375 nm diameter, and a pillar height of about 6.5 µm.
Surprisingly though, none of the approximately 500 pillars we have checked contained
any NVs. We suspect that this is due to either a faulty etch – other people who etched
within the same months have observed the same disappearance of NVs – or possibly
too high temperatures in the annealing process, or even the combination of both. After
thoroughly cleaning the etching machine, and trying again with fresh FOx material,
we have successfully etched pillars onto diamond B (see below), and observed an NV
per pillar ratio as expected based on the pre-fabrication NV density. In particular,
the same annealing recipe was used for diamond B (see table A.2).
In order to create new NVs in the finished pillars of diamond A, using the existing

Isotope PL (kcps) T off
1ρ (µs) T ∗

2 (µs) Comment
NVA1 15N 540 28 - 47 7.4 Has become NV0

NVA2 15N 390 8 - 1190 11.3 Fast T1ρ degradation
NVA3 14N 150 2000 - 2500 35.5 Too deep for NMR
NVA4 14N 110 2200 - 5000 70.0 Too deep for NMR
NVB1 14N 620 188 2.0
NVB2 14N 400 414 - 459 - D2 Termination

Table A.6: List of NVs. Name nomenclature is “NV[host diamond][NV number]”.
The respective PL number given in the table is an approximate mean value for the
expected PL at 50 µW green laser power. The shown T1ρ decoherence times are values
from measurements under default conditions, e.g. with a clean diamond surface and
a spin-locking frequency of 1.8 to 3.0 MHz. For NVs that have shown differences in
separate T1ρ measurements, we list the smallest and largest value ever measured.
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vacancies and implanted 15N ions, the diamond was annealed for a second time after
fabrication, once more utilizing the same recipe (see table A.2). This second anneal
worked well, giving rise to roughly 1 NV per 50 pillars. Ultimately, we found four good
NVs in this diamond. The key properties of these four NV centers, denoted NVA1 to
NVA4, are shown in table A.6. The results of chapter 2 were obtained on NVA1. NMR
experiments were taken on all of these NVs. Particularly, the two 14N-NVs, NVA3 and
NVA4, were used to investigate the XY8-k oscillations described in chapter 6.
On diamond B, the fabrication went smoothly without this issue of vanishing NVs
post etch. Here, the resulting pillars are 5.4 µm tall, with a top diameter of approx-
imately 300 nm. While there are many pillars with single NVs in this diamond, we
have mainly worked with two of them, NVB1 and NVB2. Their key properties are
shown in table A.6.

A.3 Spin-Lock NMR Depth Determination
Here, we derive the mathematical framework to describe the proton dip in a Spin-
Lock NMR spectrum in a quantitatively accurate manner, such that the depth d of
an employed single NV can be fitted. This theoretical work was done by collaborators
of ours: Aaron Daniel and Patrick Potts. The credit for this derivation goes to them.

A.3.1 Hamiltonian Description in the Lab Frame
The situation is the following: We consider a single NV located in a diamond at a
depth d, and an ensemble of spin-1/2 nuclei on the diamond surface – in this case
specifically 1H hydrogen nuclei, i.e. proton spins. In addition, a static magnetic field is
applied along the NV symmetry axis, such that by virtue of the Zeeman interaction,
all electronic spin state degeneracies are lifted. This allows us to operate on the two
lowest energy states, an effective two level system spanned by |0⟩ and |−1⟩. Finally,
we use microwave radiation to drive the spin transition between |0⟩ and |−1⟩, in
particular to play a Spin-Lock sequence (see section 1.5.5). In the laboratory frame,
the Hamiltonian for this system is

Ĥ = ℏω0σ̂z + ℏγNVBMW · σ̂ + ℏγNVBN · σ + ℏωL

∑
j

Îj
z . (A.1)

Here, the first term describes the energy splitting ℏω0 of the |0⟩ and |−1⟩ electronic
energy levels. The NV electron spin operators σ̂ = (σ̂x, σ̂y, σ̂z) describing this two-
level system comprised of |0⟩ and |−1⟩ are the same as defined in section 1.3.1. The
second term is the coupling of the NV spin to the applied MW pulse’s magnetic field
BMW, and the third term represents the coupling of the NV spin to the magnetic
field BN produced by the nuclear spins on the diamond surface. Finally, the last term
describes the Zeeman splitting of the nuclear hydrogen spins due to the applied field,
where ωL denotes their Larmor frequency and Î = (Îx, Îy, Îz) are the nuclear spin
operators for a spin-1/2 particle, just as defined in the main text in equation (1.7).
Note that we do not include any term that describes the effect of the NV spin’s
magnetic field on the spin bath.
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Assumption: In the formulation of equation (A.1) we neglect any direct in-
fluence that the NV’s magnetic field might exert on the nuclear spin bath.

Based on this Hamiltonian, we will model the evolution of the NV spin throughout
the spin-locking pulse of the Spin-Lock sequence, and in particular we will compute
the final quantum state. For this we make an assumption on the initial quantum
state right at the beginning of the spin-locking pulse: Namely, we assume perfect π/2-
pulses, such that the first π/2-pulse of the Spin-Lock sequence perfectly rotates the
NV spin from |0⟩ (into which it was optically pumped) to |+⟩ (eigenstate of σ̂x, see
section 1.3.1).

Assumption: We assume that the initial π/2-pulse of the Spin-Lock sequence
is free of errors, such that it initializes the NV spin into |+⟩.

In the following, we derive an expression for the probability of detecting the |+⟩ state
at the end of the spin-locking pulse, given that the system was in |+⟩ at the start of
that pulse. We do this by applying the time-evolution corresponding to equation (A.1).
To evaluate this time evolution analytically, we first transform to an appropriate
frame of reference, specifically a doubly rotating frame, and apply a rotating wave
approximation.

A.3.2 First Rotating Wave Approximation
In a first step, we transform to the rotating interaction frame, using the transformation
rule from the main text, equation (1.11),

Ĥrot = ÛĤÛ† + iℏ
∂Û

∂t
Û† , (A.2)

with the unitary rotation operator

Û = exp
(
iω0t · σ̂z + iωLt

∑
j

Îj
z

)
= ÛNVÛN , (A.3)

where ÛNV and ÛN are the rotation operators that act on just the NV or nuclear spin
subspace respectively. Perform this rotation results in

Ĥrot = Ûℏω0σ̂zÛ
† + Û

∑
j

ℏωLÎ
j
z Û

† + iℏ
∂Û

∂t
Û† (A.4)

+ ÛℏγNVBMW · σ Û† + ÛℏγNVBN · σ̂Û† .
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There are five individual terms in Ĥrot. The first three are easy to compute, because
they commute with Û and Û†, yielding

Ûℏω0σ̂zÛ
† = ℏω0σ̂z , (A.5)

Û
∑

j

ℏωLÎ
j
z Û

† =
∑

j

ℏωLÎ
j
z , (A.6)

iℏ
∂Û

∂t
Û† = −ℏω0σ̂z −

∑
j

ℏωLÎ
j
z . (A.7)

Importantly, the sum of these three terms is zero, such that they are perfectly can-
celling each other out. Out of the two remaining terms, let us first consider

ÛℏγNVBMW · σ Û† = ℏγNV

(
Bx

MWÛ σ̂xÛ
† +By

MWÛ σ̂yÛ
† +Bz

MWÛ σ̂zÛ
†
)

= ℏγNV

(
Bx

MW(cos(ω0t)σ̂x − sin(ω0t)σ̂y)

+By
MW(cos(ω0t)σ̂y + sin(ω0t)σ̂x) +Bz

MWσ̂z

)

= ℏγNV

 cos(ω0t) sin(ω0t) 0
− sin(ω0t) cos(ω0t) 0

0 0 1

 · BMW︸ ︷︷ ︸
:=Brot

MW

· σ̂ , (A.8)

where in the last line, we have introduced the rotated magnetic field Brot
MW. Next, we

aim to evaluate this field, and for this we must make an assumption on the exact form
of the of the MW field’s lab frame magnetic field BMW.

Assumption: We assume that the microwave field is linearly polarized, i.e.
that it takes the form BMW = BMW0 cos(ω0t) .

This allows us to compute

Brot
MW =

 cos(ω0t) sin(ω0t) 0
− sin(ω0t) cos(ω0t) 0

0 0 1

 · BMW0 cos(ω0t) (A.9)

=

 1
2
(
Bx

MW0
+Bx

MW0
cos(2ω0t) +By

MW0
sin(2ω0t)

)
1
2
(
By

MW0
+By

MW0
cos(2ω0t) −Bx

MW0
sin(2ω0t)

)
Bz

MW0
cos(ω0t)

 (A.10)

≈ 1
2

Bx
MW0

By
MW0
0

 , (A.11)

where we have performed the rotating wave approximation in the last line by dropping
the fast oscillating terms, i.e. terms that that rotate at ±ω0 or faster.
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Assumption: We assume that the frequency ω0 is large enough such that the
rotating frame approximation becomes valid.

Without loss of generality we now choose our coordinate system such that the y-
component of the field vanishes. By introducing the Rabi frequency of the MW field,

ΩR := γNVB
x
MW0

, (A.12)

we can write finally express the fourth term of Ĥrot in a simple form, yielding

ÛℏγNVBMW · σ Û† = ℏΩR σ̂x . (A.13)

Now, we turn to calculating the fifth and last term in Ĥrot which contains both
operators of the NV center and the proton spins

ÛℏγNVBN · σ̂Û† = ℏγNV
∑

k

(
ÛNB

k
NÛ

†
N

)(
ÛNVσ̂kÛ

†
NV

)
. (A.14)

We first turn to the second factor in equation (A.14). Analogously to the what we did
above to evaluate the fourth term shown above, we execute the rotation and apply
the rotating frame approximation, and find that

∑
k

ÛNVσ̂kÛ
†
NVek =

cos(ω0t) − sin(ω0t) 0
sin(ω0t) cos(ω0t) 0

0 0 1

 · σ ≃
RWA

 0
0
σ̂z

 . (A.15)

What is left to do is to compute the first factor in equation (A.14), that is to rotate
the magnetic field BN generated by the nuclear hydrogen spins into the rotating frame
with the operator ÛN. For this, we make an assumption on the proton spin bath in
that we model the spins as non-interacting pure magnetic dipoles.

Assumption: We assume the surface proton spin ensemble to be a collection
of non-interacting pure magnetic dipoles.

Analogous to [51], we begin with the general formula for the magnetic field due to a
magnetic dipole as can be found in any textbook on electrodynamics such as [177],
yielding

Bdipole(u) = µ0

4π
1
u3 [3(m · eu)eu − m] . (A.16)

Here u is the vector from the center of the magnetic dipole to the location where
the magnetic field is measured, and eu is a unit vector in the direction of u. For
the magnetic dipole due to a proton spin, the magnetic moment m is given by the
operator projections of the nuclear spin operators Ij , such that

Bproton(u) = ℏγH

2
µ0

4π
1
u3 [3(I · eu)eu − I] , (A.17)
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Finally, to obtain the full magnetic field, we compute the linear superposition of the
magnetic fields due to all surface spins, and find

BN(t) =
∑

j

ℏγH

2
µ0

4π
1
u3

j

[
3
(
Ij(t) · ej

u)ej
u − Ij

)]
. (A.18)

We now focus on the components of BN(t), that are

Bk
N =

∑
j

:=Dj︷ ︸︸ ︷
ℏγH

2
µ0

4π
1
u3

j

[
3
(

Ij(t) · ej
u)(ej

u)k − Îj
k

)]
(A.19)

=
∑

j

Dj

[
3
(

(ej
u)x(ej

u)k Î
j
x + (ej

u)y(ej
u)k Î

j
y + (ej

u)z(ej
u)k Î

j
z

)
− Îj

k

]
,

where we introduced the pre-factor Dj = ℏγH
2

µ0
4π

1
u3

j
. The transformation of each com-

ponent to the rotating frame is given by

ÛNB
k
NÛ

†
N =

∑
j

Dj

[
3
(

(ej
u)x(ej

u)ke
iωLÎj

ztÎj
xe

−iωLÎj
zt + (ej

u)z(ej
u)k Î

j
z (A.20)

+ (ej
u)y(ej

u)ke
iωLÎj

ztÎj
ye

−iωLÎj
zt
)

− eiωLÎj
ztÎj

ke
−iωLÎj

zt
]
.

Since we will ultimately multiply with equation (A.15), we only need to consider the
case k = z. With this, we get

Brot
N,z(t) :=

(
ÛNB

k
NÛ

†
N

)
k=z

(A.21)

=
∑

j

Dj

[
3
(

(ej
u)x(ej

u)z

(
cos(ωLt)Îj

x − sin(ωLt)Îj
y

)
+ (ej

u)y(ej
u)z

(
cos(ωLt)Îj

y + sin(ωLt)Îj
x

)
+ (ej

u)z(ej
u)z Î

j
z

)
− Îj

z

]

=
∑

j

Dj

3

ej
u ·

cos(ωLt) − sin(ωLt) 0
sin(ωLt) cos(ωLt) 0

0 0 1

 · Ij

 (ej
u)z − Îj

z

 .
Thus, we finally obtain the the rotating frame Hamiltonian by combining equa-
tions (A.13), (A.14), (A.15) and (A.21), which yields

Ĥrot = ℏΩR σ̂x + ℏγNVB
rot
N,z(t) σ̂z , (A.22)

where the Rabi frequency ΩR is given by equation (A.12), and the rotating frame
magnetic field Brot

N,z(t) of the nuclear proton ensemble is given by equation (A.21).
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A.3.3 Second Rotating Wave Approximation

We now bring the rotating frame Hamiltonian Ĥrot into a doubly rotating frame.
To that end, we transform equation (A.22) using the transformation rule from equa-
tion (A.3), with the unitary rotation operator R̂,

R̂ = exp(iωLt · σ̂x) , (A.23)

which leads to the following Hamiltonian in the doubly rotating frame,

Ĥrotrot = ℏ(ΩR − ωL) σ̂x + ℏγNVB
rot
N,z(t) R̂ σ̂zR̂

† (A.24)

= ℏ∆σ̂x + ℏγNVB
rot
N,z(t)

(
cos(ωLt)σ̂z + sin(ωLt)σ̂y

)
,

where we have introduced the detuning ∆ = ΩR−ωL that describes the offset between
applied MW Rabi frequency and the Larmor frequency of the proton spins. For ∆ = 0,
the Hartmann-Hahn resonance condition is met, meaning the NMR dip we ultimately
aim to model is expected to be located at ∆ = 0, that is ΩR = ωL. Therefore, for our
experimental conditions, ΩR and ωL are always very similar.

Assumption: The MW Rabi frequency ΩR and the proton Larmor frequency
ωL are assumed to be very similar (= fulfilled Hartmann-Hahn condition).

Under this assumption, it is true that ΩR and ωL are both much larger than their
difference ∆ = ΩR − ωL. We can there perform another rotating wave approxima-
tion by dropping all terms that oscillate with ΩR, ωL, or faster. This simplifies the
expressions for the magnetic field coefficients in equation (A.24), resulting in

By := Brot
N,z(t) sin(ΩRt) ≈

∑
j

Dj

3
2

ej
u ·

 0 1 0
−1 0 0
0 0 0

 · Ij

 (ej
u)z

 , (A.25)

Bz := Brot
N,z(t) cos(ΩRt) ≈

∑
j

Dj

3
2

ej
u ·

1 0 0
0 1 0
0 0 0

 · Ij

 (ej
u)z

 . (A.26)

With this RWA, the doubly rotating Hamiltonian from (A.24) becomes time-
independent and reads

Ĥrotrot ≈ ℏ∆σ̂x + ℏγNVByσ̂y + ℏγNVBzσ̂z (A.27)

= ℏγNVBeff
rotrot · σ̂ ,

where we have defined the effective magnetic field in the doubly rotating frame,

Beff
rotrot =

∆/γNV
By

Bz

 . (A.28)
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Crucially, opposite to Ĥ and Ĥrot, the doubly rotating Hamiltonian Ĥrotrot is time-
independent, and therefore the quantum evolution can be expressed and evaluated in
a straightforward fashion. Specifically, in this case the time propagator is given by

N̂(t) = exp
(

−it
ℏ

Ĥrotrot

)
= exp

(
−itγNVBeff

rotrot · σ̂
)

(A.29)

= Î cos
(
tγNV

2 |Beff
rotrot|

)
− 2i

(
σ̂ · Beff

rotrot
|Beff

rotrot|

)
sin
(
tγNV

2 |Beff
rotrot|

)
.

A.3.4 Plus State Population

With the time-evolution operator N̂(t) we have derived in equation (A.29), we can
finally compute the probability P|+⟩ to find the system in state |+⟩ at the end of
the spin-locking pulse, given that it was in |+⟩ at the start of said pulse. Since the
experiments are conducted in the rotating frame (due to how the MW phase reference
is constant throughout an experimental run), we calculate P|+⟩ in the rotating frame.
It is given by

P|+⟩ =
∣∣∣⟨+| R̂†(τ)N̂(τ)R̂(τ) |+⟩

∣∣∣2 (A.30)

=

∣∣∣∣∣∣ cos
(τγNV

2 |Beff
rotrot|

)
− sin

(τγNV

2 |Beff
rotrot|

)
× i∆
γNV

∣∣Beff
rotrot

∣∣
∣∣∣∣∣∣
2

= 1
2

1 +
∆2 + γ2

NVB
2 cos

(
1
2τ
√

∆2 + γ2
NVB

2
)

∆2 + γ2
NVB

2

 ,

where in the last line, we have introduced the total magnetic field amplitude B as

B :=
√
B2

y +B2
z , (A.31)

such that

γNV|Beff
rotrot| =

√
∆2 + γ2

NVB
2 . (A.32)

A.3.5 Spin Bath Noise Statistics
The probability P|+⟩ we have derived in equation (A.30) is only valid if the magnetic
field components By and Bz that the surface protons generate is constant. However,
this is not an accurate description of reality, because these protons are affected by
noise, such as for example temperature fluctuations, and therefore By and Bz (and
thus also B = (B2

y +B2
z )1/2) are fluctuating in time. We will now address this noise,

and incorporate it into our model of P|+⟩. For this, we consider a very simple case: We
assume slow noise, such that the magnetic fields By and Bz are constant throughout
one experiment repetition (but take on different values in different experimental runs).
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This is justified by the very long nuclear coherence times of the protons compared to
our typical spin-locking duration of τ ≈ 100 µs.

Assumption: We assume the nuclear magnetic fields By and Bz to be con-
stant over the duration τ of our time-evolution.

Under this assumption, based on heuristic arguments involving the central limit the-
orem, we now model By and Bz with Gaussian distributions N that have zero mean
and variance σ2. Consequently, their Euclidean norm B = (B2

x +B2
y)1/2 is described

by the Rayleigh distribution R(B, σ2) which yields

R(B, σ2) = B

σ2 exp
(

−B2

2σ2

)
, (A.33)

where σ2 is the variance of By and Bz. Therefore, we can express the expectation
value of P|+⟩ (that depends on B) as

E
[
P|+⟩

]
=
∫ ∞

0
P|+⟩ R(B, σ2) dB . (A.34)

What is left to do in order to evaluate E
[
P|+⟩

]
from equation (A.34) in a quantitative

fashion is to rigorously describe the variance σ2 of By and Bz. For that end, we model
the surface protons as a thermal quantum state, given by

ρ̂th = 1
Z

exp

−
∑

j

ωLÎ
j
z

kBT

 , (A.35)

where Z is the partition function that serves as normalization,

Z = Tr

exp

−
∑

j

ωLÎ
j
z

kBT

 =
∏

j

2 cosh
(

ωL

2kBT

)
. (A.36)

The last equality in equation (A.36) can be seen from

Tr
[

exp
(

−ωLÎ
j
z

kBT

)]
= ⟨0| exp

(
−ωLÎ

j
z

kBT

)
|0⟩ + ⟨−1| exp

(
−ωLÎ

j
z

kBT

)
|−1⟩

= exp
(

−ωL

2kBT

)
+ exp

(
+ωL

2kBT

)
= 2 cosh

(ωL

2T

)
. (A.37)

In the following, we will continue to work under the assumption of an infinite tem-
perature, T → ∞. This might be a bad approximation of reality, and at some point,
we should extend our model to general temperature states.
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Assumption: We describe the proton spin bath with an infinite temperature
thermal state ρ̂th.

Given the infinite temperature thermal state ρ̂th of the proton spin bath, we can now
determine the variance σ2 of both By and Bz. In particular, this variance is given by
the following difference of expectation values:

σ2
y/z =

〈
B̂2

y/z

〉
th

−
〈
B̂y/z

〉2

th
= Tr

[
ρ̂thB̂

2
y/z

]
− Tr

[
ρ̂thB̂y/z

]2
. (A.38)

As one would expect for an infinite temperature thermal state, where ⟨Îj
x⟩th and ⟨Îj

y⟩th

are zero, the term ⟨B̂y/z⟩th is also vanishing, as can be seen from

⟨B̂z⟩th = Tr
[
ρ̂thB̂z

]
=
∑

j

+3Dj(ej
u)z

2

(
+(ej

u)x Tr
[
ρ̂thÎ

j
x

]
+ (ej

u)y Tr
[
ρ̂thÎ

j
y

])
=
∑

j

+3Dj(ej
u)z

2

(
+(ej

u)x⟨Îj
x⟩th + (ej

u)y⟨Îj
y⟩th

)
= 0 , (A.39)

⟨B̂y⟩th = Tr
[
ρ̂thB̂y

]
=
∑

j

−3Dj(ej
u)z

2

(
−(ej

u)y Tr
[
ρ̂thÎ

j
x

]
+ (ej

u)x Tr
[
ρ̂thÎ

j
y

])
=
∑

j

−3Dj(ej
u)z

2

(
−(ej

u)y⟨Îj
x⟩th + (ej

u)x⟨Îj
y⟩th

)
= 0 . (A.40)

Therefore, the variance σ2
y/z equals the expectation value of B̂2

y/z. We will now de-
termine this value in detail for Bz, and the calculation for By is entirely similar and
will yields the identical result. First, we write out the full expression, resulting in

⟨B̂2
z ⟩th =

∑
j

∑
i

9
4DjDi (ej

u)z(ei
u)z (A.41)

×
(

(ej
u)x(ei

u)x⟨Îj
xÎ

i
x⟩th + (ej

u)x(ei
u)y⟨Îj

xÎ
i
y⟩th

+ (ej
u)y(ei

u)x⟨Îj
y Î

i
x⟩th + (ej

u)y(ei
u)y⟨Îj

y Î
i
y⟩th

)
.

We then individually calculate the expectation values that appear in (A.41),

⟨Îj
xÎ

i
x⟩th = δij⟨(Îj

x)2⟩th = 1
4 δij⟨Î⟩th = 1

4 δij , (A.42)

⟨Îj
y Î

i
y⟩th = δij⟨(Îj

y)2⟩th = 1
4 δij⟨Î⟩th = 1

4 δij , (A.43)

⟨Îj
xÎ

i
y⟩th = δij⟨Îj

xÎ
j
y⟩ = +iδij⟨Îj

z ⟩ = −iδij tanh
(ωL

2T

)
infinite T−−−−−−→ 0 , (A.44)

⟨Îj
y Î

i
x⟩th = δij⟨Îj

y Î
j
x⟩ = −iδij⟨Îj

z ⟩ = +iδij tanh
(ωL

2T

)
infinite T−−−−−−→ 0 , (A.45)

and thus equation (A.41) becomes

⟨B̂2
z ⟩th = 9

16
∑

j

D2
j

(
(ej

u)z

)2[((ej
u)x

)2 +
(
(ej

u)y

)2]
. (A.46)
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Analogously, we find the identical expression for ⟨B̂2
y⟩th,

⟨B̂2
y⟩th = 9

16
∑

j

D2
j

(
(ej

u)z

)2[((ej
u)x

)2 +
(
(ej

u)y

)2]
. (A.47)

In order to evaluate the sum over the all protons spins (denoted by j), we change the
summation to an integration. In particular, we will consider three different scenarios:
Either an infinitely extended two-dimensional layer of protons on the diamond surface
with a surface density ρA, which leads to a surface integral over the area dA,∑

j

→
∫
ρA dA , (A.48)

or an infinitely large volume of protons with a volume density ρV that fill the entire
space over the diamond surface, which results in a volume integral over dV ,∑

j

→
∫
ρV dV , (A.49)

or the combination of both, that is a surface ensemble of surface density ρA and a
volume ensemble of spin density ρV ,∑

j

→
∑

Surface
Spins

+
∑

Volume
Spins

→
∫
ρA dA +

∫
ρV dV , (A.50)

This means that equations (A.46) and (A.47) become

⟨B̂2
y/z⟩A

th = 9
16

(
ℏγH

2
µ0

4π

)2
ρA

∫
u2

z

|u|10

(
u2

x + u2
y

)
dA , (A.51)

⟨B̂2
y/z⟩V

th = 9
16

(
ℏγH

2
µ0

4π

)2
ρV

∫
u2

z

|u|10

(
u2

x + u2
y

)
dV , (A.52)

and

⟨B̂2
y/z⟩AV

th = 9
16

(
ℏγH

2
µ0

4π

)2 [
ρA

∫
u2

z

|u|10

(
u2

x + u2
y

)
dA (A.53)

+ ρV

∫
u2

z

|u|10

(
u2

x + u2
y

)
dV
]
,

where the superscripts A, V and AV stand for “area” and “volume” to indicate what
kind of proton bath is considered, and where we have used that

Dj =
(
ℏγH

2
µ0

4π

)
1
u3

j

, and (ej
u)k = uj

k

|u|
. (A.54)

To solve these integrals, we use cylindrical coordinates. In these coordinates, the
following terms read

u =

r cos(ϕ)
r sin(ϕ)

d

 dA = r dr dϕ dV = r dr dϕ dz , (A.55)
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where we choose the origin of the coordinate system to be the single NV located at
a depth d in the diamond lattice. Substitution of equation (A.55) into (A.51) then
finally let us solve the integral, which ultimately yields the analytic expression for
the magnetic field variance σ2

A at he NV’s position, produced by a two-dimensional
ensemble of surface protons located on the diamond surface,

σ2
A = ⟨B̂2

y/z⟩A
th = 9 (ℏγHµ0)2

1024π2 ρA

∫ ∞

0

∫ 2π

0

d2

(r2 + d2)5 r
3 dr dϕ

= (ℏγHµ0)2

4096π ·
(

3 ρA

d4

)
. (A.56)

Similarly, by substituting the cylindrical coordinates into (A.52), we obtain the solu-
tion for the magnetic field variance σ2

V of a three-dimensional finite layer of of protons,
located between z coordinates d+ L1 and d+ L2 relative to the NV center, yielding

σ2
V = ⟨B̂2

y/z⟩V
th = 9 (ℏγHµ0)2

1024π2 ρV

∫ ∞

0

∫ 2π

0

∫ d+Z2

d+Z1

(d+ z)2

(r2 + (d+ z)2)5 r
3 dr dϕ dz

= (ℏγHµ0)2

4096π ·
(

ρV

(d+ Z1)3 − ρV

(d+ Z2)3

)
. (A.57)

Notably, for an infinitely large layer in direct contact with the diamond surface, i.e.
for Z1 = 0 and Z2 → ∞, this becomes

σ2
V,∞ = (ℏγHµ0)2

4096π ·
(ρV

d3

)
. (A.58)

Finally, for a combination of both a surface and a volume ensemble of protons, we
use our cylindrical coordinates to solve equation (A.53) and thereby find

σ2
AV = ⟨B̂2

y/z⟩AV
th = 9 (ℏγHµ0)2

1024π2

[
ρA

∫ ∞

0

∫ 2π

0

d2

(r2 + d2)5 r
3 dr dϕ

+ ρV

∫ ∞

0

∫ 2π

0

∫ d+Z2

d+Z1

(d+ z)2

(r2 + (d+ z)2)5 r
3 dr dϕ dz

]

= (ℏγHµ0)2

4096π ·
(

3 ρA

d4 + ρV

(d+ Z1)3 − ρV

(d+ Z2)3

)
, (A.59)

demonstrating that σ2
AV = σ2

A + σ2
V .

A.3.6 Final Result
With the results of the previous section, we can now formulate the final result for the
expectation value of the probability P|+⟩ to find the system in state |+⟩ at the end
of the spin-locking pulse with duration τ . Specifically, we combine equations (A.30),
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(A.33) and (A.34), to find that

E
[
P|+⟩

]
=
∫ ∞

0
P|+⟩ ·R

(
B, σ2) dB (A.60)

=
∫ ∞

0

B

2σ2

1 +
∆2 + γ2

NVB
2 cos

(
1
2τ
√

∆2 + γ2
NVB

2
)

∆2 + γ2
NVB

2

 · exp
(

−B2

2σ2

)
dB ,

where the magnetic variance σ2 depends on whether the proton ensemble on the dia-
mond surface is present in the form of a two-dimensional area (A), a three-dimensional
volume (V ), or a combination of both (AV ). The variances in these three cases, as
derived in equations (A.56), (A.57) and (A.59), are given by

σ2
A = (ℏγHµ0)2

4096π ·
(

3 ρA

d4

)
, (A.61)

σ2
V = (ℏγHµ0)2

4096π ·
(

ρV

(d+ Z1)3 − ρV

(d+ Z2)3

)
, (A.62)

σ2
AV = (ℏγHµ0)2

4096π ·
(

ρV

(d+ Z1)3 − ρV

(d+ Z2)3 + 3 ρA

d4

)
= σ2

A + σ2
V , (A.63)

where d is the depth the of single NV used to sense the proton spin bath. So far
we were not able to solve equation (A.60) analytically, however, we can numerically
fit our Spin-Lock NMR data with it. In order to do that, we need to convert the
expectation value E

[
P|+⟩

]
into the units of spin contrast Sc in which we plot our

NMR spectra (see section 3.1.1 for the definition of Sc). To do this conversion, we
point out that these two quantities are linearly related to each other, while spanning
different numerical ranges. Specifically, in the case where there is no spin relaxation
due to the surface protons occurs, that is if the state of the system at the end of the
spin-locking pulse is |+⟩, we obtain E

[
P|+⟩

]
= 1 and Sc = 1. Thus, in this limit the

two quantities are equal. However, if the system has fully decayed into the statistical
mixture 1

2 |+⟩⟨+| + 1
2 |−⟩⟨−| (= Bloch sphere origin) by the end of the spin-locking

pulse, we find E
[
P|+⟩

]
= 1

2 and Sc = 0. Overall, these arguments lead to the following
linear relationship,

Sc = 2 · E
[
P|+⟩

]
− 1 . (A.64)

This expression for Sc is what we use to fit to the Spin-Lock data in chapter 5. In
particular, and most importantly, this allows us to fit the depth d of the employed
NV. The other free parameters are the proton spin density ρA respectively ρV ,
that can also be fitted, or – given a known NMR target – be fixed to literature
values; and the proton layer coordinates Z1 and Z2, where we usually assume
Z1 = 0 such that Z2 simply denotes the thickness of the proton layer (which
we either fit or set to infinity). Finally, the NMR detuning ∆ = fNMR − ωL

describes the x-axis of the NMR spectrum, the duration τ is given by the experiment
settings, and ℏ, γH and µ0 are natural constants for which we plug in literature values.



Appendix 152

A.4 Redfield Relaxation Theory
The Redfield theory evolves around the Redfield equation. This equation is a Marko-
vian master equation that describes the time evolution of a quantum system that is
weakly coupled to an environment. In our case, the quantum system at hand is the
electronic spin of the NV center (we here omit the hyperfine structure), and the en-
vironment is given by weak magnetic fluctuations. Casting the Redfield equation into
a matrix form leads to the Redfield superoperator from which it is straightforward
to extract specific spin relaxation times, such as T1, T ∗

2 or T1ρ. The notation and
general approach we present here is adapted from the lecture of Spielman [124], and
the books of Slichter [104] and Kowalewski [105].
This section is structured as follows: First, in section A.4.1 we will derive the general
form of the Redfield master equation and the corresponding Redfield superoperator.
Afterwards, in sections A.4.2 and A.4.3 we will evaluate the superoperator for an
undriven NV electron spin to compute T1 and T ∗

2 , and for the driven case to determine
T1ρ.

A.4.1 Derivation of the Redfield Superoperator

Consider the Hamiltonian Ĥ = Ĥ0 + Ĥ1(t) and let Ĥ1(t) be a weak perturbation of
the time independent part Ĥ0. Notably, such a weak coupling is a strong assumption,
and the entire derivation we present here is only valid for the case of such weak
environments.

Assumption: We assume that the environment is weakly coupled, such that
a perturbative treatment of the interaction Hamiltonian is valid.

The time evolution of a system described by the density matrix ρ̂ is given by the
Von-Neumann equation and reads

d
dt ρ̂(t) = −i

ℏ

[
Ĥ, ρ̂(t)

]
. (A.65)

Transforming to the interaction picture with the transformation rule given by equa-
tion (1.11) with Û = exp

(
it
ℏ Ĥ0

)
leads to the rotating frame equation of motion,

yielding

d
dt ρ̂

rot(t) = −i
ℏ

[
Ĥrot

1 (t), ρ̂rot(t)
]
, (A.66)

where the superscript (rot) denotes the rotating frame. We proceed with a formal
integration of this equation by expanding into the Dyson series, and thereby find

ρ̂rot(t) = ρ̂rot(t0) − i

ℏ

∫ t

t0

[
Ĥrot

1 (t′), ρ̂rot(t′)
]
dt′ (A.67)

− 1
ℏ2

∫ t

t0

∫ t′

t0

[
Ĥrot

1 (t′),
[
Ĥrot

1 (t′′), ρ̂rot(t′′)
]]

dt′dt′′ + ...
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Here, we cut off the series after the first three terms which equals a second order
perturbation approach. This is valid under the assumption of a weak environment.
In addition, we take the ensemble average, indicated in the following by overlines.
For the NV system, this ensemble average corresponds to the average over many
different experimental runs. Further, we assume a non-biased environment, such that
Ĥrot

1 (t) = 0. Hence, the second term of the Dyson series is eliminated when we apply
the ensemble average.

Assumption: We assume a non-biased environment, such that the ensemble
average of the interaction Hamiltonian with the environment is zero.

We are therefore only left with the first and third term, reading

ρ̂rot(t) = ρ̂rot(t0) − 1
ℏ2

∫ t

t0

∫ t′

t0

[
Ĥrot

1 (t′),
[
Ĥrot

1 (t′′), ρ̂rot(t′′)
]]

dt′dt′′ , (A.68)

and taking the derivative with respect to time yields

d
dt ρ̂

rot(t) = − 1
ℏ2

∫ t

t0

[
Ĥrot

1 (t),
[
Ĥrot

1 (t′′), ρ̂rot(t′′)
]]

dt′′ . (A.69)

Next, we now apply the Markov approximation. To that end, we replace ρ̂rot(t′′) in
the time integral with ρ̂rot(t), which is valid under the assumption that the dynamics
of the system at time t are only dependent on ρ̂rot(t) and not on t′′ < t; or put
differently, we assume that there is no memory in the system.

Assumption: We work in the Markov approximation that assumes that there
no memory in the system, such that the dynamics of ρ̂rot(t) only depend on
the state of the system at time t and not on t′′ < t.

In addition to the Markov approximation, we insert a Boltzmann correction by intro-
ducing a thermal equilibrium state ρ̂rot

eq the system decays towards. Such a thermal
density matrix looks as follows

ρ̂rot
eq =

∑
j

exp
(

−Ej

kBT

)
|Ψj⟩⟨Ψj | , (A.70)

where kB is the Boltzmann constant, |Ψj⟩ are the eigenstates of Ĥrot
1 (t) with eigenen-

ergy Ej , and T is the thermal equilibrium temperature. Performing the Born-Markov
approximation and the Boltzmann correction ultimately leads to

d
dt ρ̂

rot(t) = − 1
ℏ2

∫ t

t0

[
Ĥrot

1 (t),
[
Ĥrot

1 (t′′), ρ̂rot(t) − ρ̂rot
eq

]]
dt′′ . (A.71)

Next, we substitute τ := t− t′′ and assume t0 → ∞, such that

d
dt ρ̂

rot(t) = − 1
ℏ2

∫ ∞

0

[
Ĥrot

1 (t),
[
Ĥrot

1 (t− τ), ρ̂rot(t) − ρ̂rot
eq

]]
dτ . (A.72)
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Finally, by transforming back to the lab frame, we obtain the general form of the
Redfield equation, which yields

d
dt ρ̂(t) = − i

ℏ

[
Ĥ0, ρ̂(t)

]
− 1

ℏ2

∫ ∞

0

[
Ĥ1(t),

[
Ĥ1(t− τ), ρ̂(t)

]]
dτ . (A.73)

This is the general Redfield equation, as you would commonly find it in other work.
It is valid in the Markov approximation and for weakly coupled, non-biased environ-
ments. The first term of the Redfield equation describes the coherent evolution, as
it equals the Liouville–Von Neumann equation for the unperturbed Hamiltonian Ĥ0.
The second term deals with the perturbation due to the environment.

The Redfield Superoperator

Next, we will proceed to derive a different form of the Redfield equation that will turn
out to be easy to evaluate for the Ramsey and Spin-Lock problems. To that end, we
first note that it is always possible to find the decomposition

Ĥ1(t) =
N∑

q=−N

Fq(t)Âq where
[
Ĥ0, Âq

]
= ℏeqÂq and Â−q := Â†

q . (A.74)

Since Ĥ1(t) is hermitian, it must always contain both Âq and Â∗
q . For simplicity, we

therefore define Â∗
q := Â−q. Note that this definition also implies that e−q = −eq, as

one can show by using equation (A.74). Using this special decomposition of Ĥ1(t) into
operators Âq leads to a new expression for the rotating frame Hamiltonian, yielding

Ĥrot
1 (t) =

∑
q

Fq(t)Âq exp(−ieqt) . (A.75)

Plugging this identity into the integral (A.72) yields

d
dt ρ̂

rot(t) = − 1
ℏ2

∑
p,q

( [
Âp,

[
Âq, ρ̂rot(t) − ρ̂rot

eq

]]
(A.76)

×
∫ ∞

0
Fp(t)Fq(t− τ) exp(−iept) exp(−ieq(t− τ)) dτ

)
.

In the integral that shows up in this expression only the terms with ep = −eq evaluate
to non-zero contributions. And since e−q = −eq, we can set p = −q. After performing
these simplifications, one obtains a new integral that has only a very small imaginary
part which is responsible for dynamic frequency shifts. We neglect this shifts here,
and thus replace the integral with its real part. Overall, this leads to

d
dt ρ̂

rot(t) = − 1
2ℏ2

∑
q

( [
Â−q,

[
Âq, ρ̂rot(t) − ρ̂rot

eq

]]
(A.77)

×
∫ ∞

−∞
F−q(t)Fq(t− τ) exp(−ieqτ)dτ

)
.
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Finally, transforming back to the lab frame yields

d
dt ρ̂(t) = − i

ℏ

[
Ĥ0, ρ̂(t)

]
− ˆ̂Γ

{
ρ̂(t) − ρ̂eq

}
, (A.78)

where ˆ̂Γ is the Redfield superoperator

ˆ̂Γ {ρ̂} = 1
2ℏ2

∑
q

∫ ∞

−∞
F−q(t)Fq(t− τ) exp(−ieqτ)

[
Â−q,

[
Âq, ρ̂

]]
dτ . (A.79)

Matrix Form of the Redfield Equation

Let us now cast the Redfield equation from (A.78) into a convenient matrix form.
To that end, let us assume that Ĥ0 describes a spin-1/2 system, such as the NV
subsystem spanned by the electronic spin states |−1⟩ and |0⟩. We can then use the
spin-1/2 operators σ̂ = (σ̂0, σ̂x, σ̂y, σ̂z) as a basis for the matrix vector space of ρ̂(t)
to introduce a vector representation of ρ̂(t), yielding

ρ̂(t) =
∑

j

⟨σ̂j⟩ · σ̂j where ⟨σ̂j⟩ = 2 · Trace
(
σ̂j · ρ̂(t)

)
, (A.80)

where σ̂0 = 1
2 I2 is half the two-dimensional unity operator, and the σ̂ operators are

the same as in section 1.3.1 with the same matrix representations as the operator Î in
(1.7). Incorporating this vector representation into the Redfield equation from (A.78)
results in

d
dt ⟨σ̂j⟩ =

∑
k

(
− i⟨σ̂k⟩ · 2 · Trace

(
σ̂j ·

[
Ĥ0, σ̂k

])
(A.81)

−
(

⟨σ̂k⟩ − ⟨σ̂k⟩eq

)
· 2 · Trace

(
σ̂j · Γ̂ {σ̂k}

)
︸ ︷︷ ︸

:=Rjk

)
.

This equation describes the time-dependent evolution of the expectation value of
the jth spin component. The first term describes the coherent evolution of the spin
system, whereas the second term gives the perturbative effect of the environment. If
we identify the ⟨σ̂k⟩ as entries in a vector, we can treat the two traces in this equation
as matrices. The second matrix, which we denote as the Redfield relaxation matrix
Rjk, is therefore accounting for the decay of component ⟨σ̂j⟩ due to noise associated
with component ⟨σ̂k⟩. To be precise, its matrix elements are the corresponding decay
rates.

A.4.2 Derivation of T 1 and T ∗
2

To explicitly get expressions for the T1 and T ∗
2 decay rates with the Redfield formalism,

we consider the two-level system given by the |0⟩, |−1⟩ two-level manifold of the NV
center’s electronic ground-state. Let |0⟩ and |−1⟩ be split in energy by ℏw0. We then
assume that a Ramsey FID sequence is applied to that system (see section 1.5.2).
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Under this sequence, the spin is brought into a superposition state that then is left
to evolve freely, thus being subject to both T1 relaxation and T ∗

2 dephasing. The
Hamiltonian describing the free evolution during the Ramsey sequence in the lab
frame with weak random magnetic field noise Bk(t) along all three axes is given by

ĤRamsey = ℏω0σ̂z +
∑

k=x,y,z

ℏγNVBk(t)σ̂k . (A.82)

Here, we identify the first term as a time independent term Ĥ0, and the rest as the
weak perturbation Ĥ1(t). The operators Âq that fulfil[

Ĥ0, Âq

]
= ℏeqÂq , (A.83)

are therefore
Â0 = σ̂z

Â1 = σ̂x + iσ̂y

Â−1 = σ̂x − iσ̂y

(A.84)

with
e0 = 0
e1 = ω0

e−1 = −ω0 .

(A.85)

The decomposition of Ĥ1(t) =
∑

q Fq(t)Âq into the Âq yields

Ĥ1(t) = ℏγNVBz(t)︸ ︷︷ ︸
F0(t)

Â0 + ℏγNV

2

(
Bx(t) + iBy(t)

)
︸ ︷︷ ︸

F1(t)

Â1 (A.86)

+ ℏγNV

2

(
Bx(t) − iBy(t)

)
︸ ︷︷ ︸

F−1(t)

Â−1 .

Now that we have determined all the Âq, eq and Fq(t), we can calculate the Redfield
relaxation matrix Rjk that we defined in equation (A.81) via the Redfield superoper-
ator Γ̂ from equation (A.79), yielding

Rjk = 2 · Trace
(
σ̂j · 1

2ℏ2

+1∑
q=−1

[
Â−q,

[
Âq, σ̂k

]]
(A.87)

×
∫ ∞

−∞
F−q(t)Fq(t− τ) exp(−ieqτ) dτ

)
.

As a first step, we will evaluate the integrals in this expression. To that end, we make
the usual assumption that the magnetic noise exhibits an exponentially decaying
autocorrelation function

Bq(t)Bp(t− τ) = δp,q B
2
rms,q exp(−|τ |/τc) , (A.88)
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where δp,q is the Kronecker delta function. Using this autocorrelation function, we
find that

F0(t)F0(t− τ) = ℏ2γ2
NV B

2
rms,z exp(−|τ |/τc) (A.89)

F∓1(t)F±1(t− τ) = ℏ2γ2
NV

1
4
(
B2

rms,x +B2
rms,y

)
exp(−|τ |/τc) ,

such that

1
2ℏ2

∫ ∞

−∞
F0(t)F0(t− τ) exp(−ie0τ) dτ = γ2

NV Sz(0) (A.90)

1
2ℏ2

∫ ∞

−∞
F∓1(t)F±1(t− τ) exp(−ie±1τ) dτ = γ2

NV
4

(
Sx(±ω0) + Sy(±ω0)

)
,

where S(w) is given as in (1.21). Plugging these integral expressions into equa-
tion (A.87) results in

Rjk = 2 γ2
NVSz(0) · Trace (σ̂j · [σ̂z, [σ̂z, σ̂k]]) (A.91)

+ γ2
NV
2

(
Sx(+ω0) + Sy(+ω0)

)
· Trace (σ̂j · [(σ̂x − iσ̂y), [(σ̂x + iσ̂y), σ̂k]])

+ γ2
NV
2

(
Sx(−ω0) + Sy(−ω0)

)
· Trace (σ̂j · [(σ̂x + iσ̂y), [(σ̂x − iσ̂y), σ̂k]]) .

This expression for Rjk can easily be evaluated by calculating the commutators.
Additionally, we simplify by using the fact that S(w) is even, i.e. we set S(±ω0) =
S(ω0). Ultimately, Rjk’s diagonal entries are then determined as follows

1
T1

= Rzz = γ2
NV

(
Sx(ω0) + Sy(ω0)

)
(A.92)

1
T ∗

2
= Rxx = Ryy = 1

2γ
2
NV

(
Sx(ω0) + Sy(ω0)

)
+ γ2

NV Sz(0) .

which are equations (1.22) and (1.23) in the main text. They agree perfectly with the
results from Slichter [104].

A.4.3 Derivation of T 1ρ

In this section, we present the detailed derivation of T1ρ. This derivation is similar to
the calculations we did in the previous section, but instead of Ramsey’s free induction
decay, we now consider a Spin-Lock sequence. The Spin-Lock lab frame Hamiltonian
with random magnetic noise along all three spatial axes reads

ĤSL = ℏω0σ̂z + ℏΩR cos(ω0t)σ̂x +
∑

k=x,y,z

ℏγNVBk(t)σ̂k . (A.93)

In order to apply the Redfield theory, the two time dependent terms have to be
weak in terms of amplitude compared the to time independent first term. Sadly,
this is not true for this Hamiltonian, as in general ℏΩR is not necessarily small in
comparison to ℏω0 (for our experiments this is actually always true, however, we aim
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to provide a more general derivation that is valid without making this assumption).
To address this problem, we transform to the rotating frame using the transformation
rule given by equation (1.11), with Û = exp(iω0tσ̂z). After applying the rotating wave
approximation (see section 1.3.1), we find

Ĥrot
SL = ℏΩRσ̂x (A.94)

+ ℏγNV

(
Bx(t) cos(ω0t) +By(t) sin(ω0t)

)
σ̂x

+ ℏγNV

2

(
By(t) cos(ω0t) −Bx(t) sin(ω0t) + iBz(t)

)
(σ̂y + iσ̂z)

+ ℏγNV

2

(
By(t) cos(ω0t) −Bx(t) sin(ω0t) − iBz(t)

)
(σ̂y − iσ̂z) .

Here, the Redfield theory can be applied, since the amplitudes of the time dependent
terms are given by ℏγNVBk which by definition are magnetic fluctuations that are
weak compared to ℏΩR. We therefore identify the first term as the time independent
term Ĥrot

0 and the rest as the perturbation Ĥrot
1 (t). The operators Âq that fulfil[

Ĥrot
0 , Âq

]
= ℏeqÂq (A.95)

are then
Â0 = σ̂x

Â1 = σ̂y + iσ̂z

Â−1 = σ̂y − iσ̂z

(A.96)

with
e0 = 0
e1 = ΩR

e−1 = −ΩR

(A.97)

Thus, the decomposition of Ĥrot
1 (t) =

∑
q Fq(t)Âq is already given directly by the last

three terms in (A.94). We therefore deduct

F̂0(t) = ℏγNV

(
Bx cos(ω0t) +By sin(ω0t)

)
F̂±1(t) = ℏγNV

2

(
By cos(ω0t) −Bx sin(ω0t) ± iBz(t)

)
.

(A.98)

Now that we have determined all the Âq, eq and Fq(t), we can calculate the Redfield
relaxation matrix Rjk that we defined in equation (A.81) via the Redfield superoper-
ator Γ̂ from equation (A.79). This yields

Rjk = 2 · Trace
(
σ̂j · 1

2ℏ2

+1∑
q=−1

[
Â−q,

[
Âq, σ̂k

]]
(A.99)

×
∫ ∞

−∞
F−q(t)Fq(t− τ) exp(−ieqτ) dτ

)
.
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To evaluate this expression, we begin with finding good expressions for the integrand
F−q(t)Fq(t− τ). In the same fashion as in the previous section, we make the usual as-
sumption that the magnetic noise exhibits an exponentially decaying autocorrelation
function

Bq(t)Bp(t− τ) = δp,q B
2
rms,q exp(−|τ |/τc) , (A.100)

where δp,q is the Kronecker delta functions, and thus we find that

F0(t)F0(t− τ) = ℏ2γ2
NV exp(−|τ |/τc) (A.101)

×
(

1
2
(
B2

rms,x +B2
rms,y

)
cos(ω0τ) + 1

2
(
B2

rms,x −B2
rms,y

)
cos(2ω0t− ω0τ)

)
≈ 1

2ℏ
2γ2

NV exp(−|τ |/τc) ×
((

B2
rms,x +B2

rms,y

)
cos(ω0τ)

)
,

where in the last line, we assume that the noise is isotropic, e.g. that B2
rms,x ≈ B2

rms,y,
which means that we can neglect the second term and simplify the rest. With the
same assumption, we also find that

F∓1(t)F±1(t− τ) (A.102)

≈ 1
4ℏ

2γ2
NV exp(−|τ |/τc) ×

(
1
2
(
B2

rms,x +B2
rms,y

)
cos(ω0τ) +B2

rms,z

)
.

Next, we evaluate the sum and the integral in equation (A.99) using the expressions
from (A.101) and (A.102), and thereby find

Rjk = γ2
NV Trace

(
σ̂j · [σ̂x, [σ̂x, σ̂k]]

)
·
(
Sx(ω0) + Sy(ω0)

)
(A.103)

+ γ2
NV
2 Trace

(
σ̂j · [(σ̂y + iσ̂z), [(σ̂y − iσ̂z), σ̂k]]

)
·
(
Sz(ΩR)

+ 1
4

(
Sx(ω0 + ΩR) + Sy(ω0 + ΩR)

)
+ 1

4

(
Sx(ω0 − ΩR) + Sy(ω0 − ΩR)

))
+ γ2

NV
2 Trace

(
σ̂j · [(σ̂y − iσ̂z), [(σ̂y + iσ̂z), σ̂k]]

)
·
(
Sz(ΩR)

+ 1
4

(
Sx(ω0 + ΩR) + Sy(ω0 + ΩR)

)
+ 1

4

(
Sx(ω0 − ΩR) + Sy(ω0 − ΩR)

))
,

where the noise spectral density Sk(ω) is defined as in equation (1.21). Finally, we
obtain T1ρ := 1/Rxx by evaluating the commutators in equation (A.103) for j = k =
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x. Hence we get
1
T1ρ

= Rxx = γ2
NV Sz(ΩR) (A.104)

+ γ2
NV
4

(
Sx(ω0 + ΩR) + Sy(ω0 + ΩR)

)
+ γ2

NV
4

(
Sx(ω0 − ΩR) + Sy(ω0 − ΩR)

)
.

This is the general result for T1ρ. In our experiments, we employ weak microwave driv-
ing where the spin-locking field amplitude ΩR is typically three orders of magnitude
smaller than the spin transition ω0 (compare a few MHz to a few GHz). Therefore,
for our experimental conditions, we can further simplify by replacing S(ω0 ±ΩR) with
S(ω0), such that

1
T1ρ

= Rxx = γ2
NV Sz(ΩR) + 1

2γ
2
NV

(
Sx(ω0) + Sy(ω0)

)
(A.105)

which is (1.28) in the main text.

A.5 Construction of Transition Superoperators
Here, we derive the matrix representations of the transition superoperators required
for the numerical model introduced in section 2.1.3. In general, the system ρ̂ is in a
state comprised of two subsystems, the nuclear and electron spins, can thus mathe-
matically be written as ρ̂ = ρ̂I ⊗ ρ̂S . The nuclear subspace is 2-dimensional with spin
operators Îx,y,z as defined in (1.7), whereas the electronic subsystem is 3-dimensional
with corresponding spin operators Ŝx,y,z from (1.2). Based on this, we can develop
the matrix representations of the required superoperators, where we closely follow the
procedure laid out in [130]. Note that in order to stay close to the expressions from
[130] as possible, we inverted the order of nuclear and electronic subsystems compared
to how we typically treat it within this thesis: Usually, we list the electron spin first,
but within the numerical model, we list the nuclear spin first.

Partial Trace Superoperator

The action of the partial trace superoperator can be understood by considering
ˆ̂T e (ρ̂I ⊗ ρ̂S) = Trace {ρ̂S} · ρ̂I . (A.106)

The matrix representation of ˆ̂T e is determined following the procedure form [130],
and reproduced here for completeness:

{ ˆ̂T e}αβ =
{

1 , if m = n

0 , else
(A.107)

where

α = (i− 1) · dI + j

β = (((i− 1) · dS +m) − 1) · dS · dI + (j − 1) · dS + n , (A.108)
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where i, n = (1, 2, ... dI) count through the degrees of freedom of the first subspace
(nuclear spin in this case), and j,m = (1, 2, ... dS) count through the degrees of
freedom of the second subspace (NV electron spin). The resulting matrix is 4x36
dimensional.

Direct Product Superoperator

The action of the direct product superoperator ˆ̂S⊗
0,±1 is given by

ˆ̂S⊗
0,±1ρ̂I = ρ̂I ⊗ ρ̂mS=0,±1 , (A.109)

where ρ̂mS=0,±1 describes the density operator corresponding to a electron mS =
{0,±1} eigenstate. The corresponding matrix representation is constructed by [130]

{ ˆ̂S⊗
0,±1}αβ = {κ̂0,±1}mn (A.110)

where

α = (((i− 1) · dS +m) − 1) · dS · dI + (j − 1) · dS + n

β = (i− 1) · dI + j , (A.111)

and

κ̂+1 =

1 0 0
0 0 0
0 0 0

 κ̂0 =

0 0 0
0 1 0
0 0 0

 κ̂−1 =

0 0 0
0 0 0
0 0 1

 . (A.112)

The numbers i, j, n, m, dS and dI are the same as defined above. The resulting
dimensionality of this matrix is 36x4.

Projection Superoperator

Finally, we define the matrix representation for the projection superoperator,

ˆ̂P 0,±1 =
4∑

k=1
ρ̂k

0,±1 · (ρ̂k
0,±1)T (A.113)

where ρ̂k
0,±1 = κ̂k

nuc ⊗ κ̂0,±1 is the 36x1 column vector representation of the joint 6x6
density matrix operator and

κ̂1
nuc =

(
1 0
0 0

)
κ̂2

nuc =
(

0 1
0 0

)
κ̂3

nuc =
(

0 0
1 0

)
κ̂4

nuc =
(

0 0
0 1

)
.

(A.114)

While ˆ̂T e and ˆ̂S⊗
0,±1 both change the dimensionality of the state they operate on,

ˆ̂P 0,±1 is a square 36x36 matrix and thus preserves dimensionality. The sum in equa-
tion (A.113) ensures that the projection operator projects onto a particular electronic
spin state, while leaving the nuclear spin unchanged. Note that this matrix element
construction procedure is not given in [130] but has been developed by us ourselves.
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A.6 Magnetic Field Map for All-Optical Precession Data

In the following we elaborate on how we obtained the values for B⊥ and Dgs
0 used in

the plots in chapter 2. To control the external magnetic field we used a permanent
magnet mounted on a 2-axis goniometer, as described in section A.1.2. However since
the distance between the magnet-goniometer assembly and the diamond is tuned to set
the strength of the magnetic bias field Bext, the center of rotation of the goniometer
will in general not be precisely at the position of the NV center (this special case
is only true for one specific value of Bext that we measured to be at approximately
500 G). It is therefore not entirely accurate to simply measure |Bext| and take B⊥ as
sin(ϕ) · |Bext|, since the rotation itself will also (slightly) change the distance between
the magnet and the diamond. It is more accurate to do ODMR measurements and
thereby experimentally determine the exact magnetic field for a range of goniometer

532
533
534

(A)

0
10
20

(B)

(C)

Experiment
Linear Fit

Figure A.7: Magnetic field map based on ODMR measurements (A) Parallel mag-
netic field component Bz and (B) transverse magnetic field component B⊥ as a func-
tion of tilt angles ϕx and ϕy, measured via optically detected magnetic resonance.
Each of the shown pixels corresponds to one pixel in Figure 2.5 and 2.6. The total
magnetic field is |Bext| = 533 G. (C) Measured transverse magnetic field as a function
of total tilt angle ϕ, revealing a linear dependence with slope 10.01 G/deg, allowing
for a simple conversion of B⊥ to corresponding Φ and vice versa.
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angular displacements. We carefully measured such a magnetic map as a function of
the two goniometer angles, at a bias field of |Bext| = 533 G, because at this particular
field most of the data in this paper were obtained.
The first step of the procedure was to measure the contrast C of the 15N FID signal as
a function of the two goniometer angles, as shown in Figure 2.6 (A) in the main text.
We know that for the goniometer orientation corresponding to the center pixel where
C goes to zero, the magnetic field is perfectly aligned with the NV axis, i.e. B⊥ = 0 for
this pixel. Knowing this, we measured the full magnetic resonance spectrum ODMR of
the NV center on this pixel, and fit the resulting two transitions (|0⟩ to either |±1⟩)
to the ground state nuclear spin Hamiltonian from (1.4), with Bz and Dgs

0 as free
parameters, enforcing the condition that B⊥ = 0. From this fit we obtained the value
for the zero field splitting for this particular NV center as Dgs

0 = 2870.760402 MHz.
In the second step we measured ODMR spectra as a function of the two goniometer
angles, and once more fit the measured transitions with Hamiltonian (1.4), this time
with Bz and B⊥ as the free parameters. Finally, we interpolate both Bz(ϕx, ϕy) and
B⊥(ϕx, ϕy) to twice the pixel density in order to match the experimental data from
Figures 2.5 and 2.6. The results of the procedure are shown in Figure A.7. We also
plot B⊥ against total tilt angle ϕ = (ϕ2

x + ϕ2
y)1/2, revealing a near linear relationship

with a slope of 10.01 G/deg.
Throughout chapter 2, whenever we plot experimental and simulated data against B⊥
(in particular in Figures 2.5 and 2.6) we have used the magnetic field map presented
here to obtain the conversion from goniometer position to magnetic field. Further, in
order to determine the ideal magnetic tilt angle corresponding to B⊥ = 8.6 G from
Figure 2.6 (B), we used the slope from Figure A.7 (C).
The experimentally measured magnetic field map is valid only at 533 G. Therefore,
for datasets where we swept the distance between the magnet and the diamond in
order to vary the strength of the bias field, we instead just report the tilt angle as
defined directly by the goniometer.

A.7 Optimization of SNR in Immersion Oil NMR
In section 5.3.1, we presented NMR measurements with and without immersion oil.
For these experiments, we have seen that the nuclear magnetic field at the NV cen-
ter’s position is dominated by the ubiquitous surface spins because the addition of
immersion oil made only little difference in terms of NMR contrast and SNR. Since
our fitting routine depends crucially on the this tiny difference between the two spec-
tra, we needed to integrate these NMR experiments for quite a long time. To speed
up these measurements and enable more robust fitting of the data, it would be ad-
vantageous to maximize the SNR difference between the two NMR spectra. Here, we
study how one can maximize this SNR difference.
In section 3.1.2, we have derived a model that simulates how the Spin-Lock SNR
depends on τ , and that allows us to determine the ideal τopt with which the SNR
is maximized. We now use this model, in particular equation (3.8), to simulate the
difference ∆SNR(τ) = SNROil(τ)−SNRBare(τ). For this, we use representative values
for our system: Let the PL difference be ∆01 = 100 kcps, the experimental overhead
be T0 = 3.5 µs, and the noise variance on the spin readout be σ = 0.5. Furthermore,
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we assume that on off-resonance with the proton spins, we measure the relaxation
time T1ρ = (250 ± 5) µs. On Hartmann-Hahn resonance with the proton spins, this
decay is faster, here we set T res

1ρ (Bare) = (100 ± 5) µs, and after adding immersion oil,
we let the decay time decrease even more to T res

1ρ (Oil) = (85 ± 5) µs. The result of this
is plotted in Figure A.8 (A), where the error stems from the uncertainty of the T1ρ

values.

(A) Figure A.8: The SNR(τ) predicted by
equation (3.8), for ∆01 = 100 kcps, σ =
0.5, T0 = 3.5 µs, T off

1ρ = (250 ± 5) µs,
T off

1ρ (Bare) = (100±5) µs and T off
1ρ (Oil) =

(85±5) µs. The resulting SNR(τ) for bare
diamond and oil-coated diamond, as well
as their difference ∆SNR, are maximized
for different values for τ . In this case, at
τBare

opt ≈ (77.0 ± 1.9) µs, τOil
opt = (47.9 ±

3.2) µs and τ∆
opt = (36.3 ± 0.9) µs.

The key result is that the three different SNR curves are maximized for different
choices for τ , as indicated by the circle markers. In the experiments we presented in
section 5.3.1, we have always chosen τ such that SNRBare is maximized. Based on the
simulation shown here, we now see that this is not ideal for ∆SNR.
The curves shown in Figure A.8 depend strongly on the ratio of the coherence times
in the presence and absence of oil, R = T res

1ρ (Oil)/T res
1ρ (Bare). This ratio quantifies

how much the nuclei in the oil contribute to the magnetic signal collected by the NV
in NMR. Particularly, in the limit of R = 1, the presence of immersion oil makes no
difference in the NMR, and for R = 0, the oil’s magnetic signal is so strong that it
causes an immediate full decay of the NV spin.
In Figure A.9 (A), we present the ideal τ values one needs to choose to maximize the
three different SNRs, plotted as a function of R. For our experiments where R ≈ 0.85,
the simulation predicts that τ∆

opt is about 2/3 of τBare
opt . If R was lower (which would

be the case for less dense surface spins or a shallower NV), the discrepancy in the
ideal values of τBare

opt and τ∆
opt becomes even larger.

Finally, to quantify how detrimental it is to measure at a suboptimal τ , we calculate
the relative difference in SNR, that is ∆SNR/

∑
SNR, for a choice of τ equal to either

τBare
opt , τOil

opt, or τ∆
opt respectively. This is plotted in Figure A.9 (B). For our experimental

regime where R > 0.8, the difference is actually very minute. Therefore, our choice
of τ = τBare

opt for the experiments in section 5.3.1 is fine, and using τOil
opt or τ∆

opt would
only lead to a very small improvement in ∆SNR.
However, for systems where R < 0.5, measuring at τBare

opt instead of τ∆
opt is highly

suboptimal, because in this regime there is a significant difference in the resulting
∆SNR. Interestingly, independent of R, ∆SNR is nearly identical for τOil

opt and τ∆
opt.

Hence, when calibrating an experiment where ∆SNR is desired to be large, it is
perfectly fine to use either of these values for τ .
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Regime
Experimental

Regime
Experimental

(A) (B)

Figure A.9: Optimization of the SNR in proton NMR with and without immersion
oil, where T res

1ρ (Bare) is held constant and T res
1ρ (Oil) is varied. (A) Visualization of

the three different ideal tau values as a function of the relaxation time ratio R. The
grey box highlights our experimental regime, where τ∆

opt is smaller than τBare
opt . (B)

The relative different in ∆SNR as a function of R reveals that for our experimental
regime it makes little difference to use τBare

opt instead of the ideal τ∆
opt.

In summary, our analysis has shown that depending on what specific SNR one wants
to optimize, a different value for the spin-locking duration τ needs to be used. In
particular when studying ∆SNR, it is not ideal to measure at τBare

opt – which is what
we have done throughout this chapter – however for our experimental conditions this
suboptimal choice leads to a negligible reduction in ∆SNR compared to the optimal
case.
Finally, note that the SNR model is applicable to NMR with the XY8-k sequence
in an analogous manner (see section 4.2). For this reason, the same conclusions can
be drawn for XY8-k NMR. The only difference is that instead of the spin-locking
duration τ , the XY8 block repetition number k is the control parameter for such SNR
optimization.
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