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Precision measurement of magnetic fields is critical to many applications in fun-
damental science and technology, geology, biology, medicine, security, and mate-
rials and space sciences. These applications require operation under a wide range
of specifications regarding sensitivity, spatial resolution, bandwidth, scalability,
pressure and temperature. Work within this thesis advances research into im-
plementations of magnetic sensing using nitrogen-vacancy (NV) centers, defects
in diamond that have become increasingly favored in the magnetometry commu-
nity due to their small size, high spatial resolution, ability to operate over large
temperature and pressure ranges, and wide bandwidth. Specifically, this disser-
tation presents novel techniques for magnetometry with NV centers—microwave
(MW)-free magnetometry based on the ground-state level anticrossing and zero-
field magnetometry realized with circularly polarized MWs—which extends the
dynamic range of magnetic sensing and opens up new avenues of application.
Additionally, the MW-free sensing protocol is further extended to a vector magne-
tometer that can simultaneously measure all Cartesian components of a magnetic
field. All the investigated techniques are demonstrated with NV ensembles but
these are potentially applicable to single-NV sensors as well. Finally, I outline a
plan for improving these sensors to study micro- and nano- scale magnetic phe-
nomena currently inaccessible using existing technology.
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Chapter 1

Introduction

1.1 Background and motivation

In modern-day quantum metrology, quantum sensors are widely employed to de-
tect weak magnetic fields. Quantum devices, exploiting quantum coherence, are
inevitably connected to physical constants and can achieve accuracy and precision
approaching fundamental limits [1, 2]. Therefore, these sensors have shown utility
in a wide range of research domains involving science and technology.

A multi-technology survey of reported magnetic sensitivities versus effective linear
dimension [3] is shown in Fig. 1.1. An ultra-sensitive and wideband from 2 kHz to
2.5MHz magnetometer reported in Ref. [4] is based on a superconducting quantum
interference device (SQUID), offering a noise level of 150 aT/

√
Hz . Comparably, a

spin-exchange relaxation-free (SERF) atomic magnetometer with a measurement
volume of 0.45 cm3 has a demonstrated sensitivity of 160 aT/

√
Hz within a narrow

bandwidth of about 10Hz [5]. While these existing technologies can measure mag-
netic fields with exceptional sensitivity, the sensor size (at centimeter and longer
length scales) or the extreme measurement conditions required limit their applica-
tions. For example, the SQUID sensors must operate under cryogenic conditions,
which, although used in magnetoencephalography (MEG) with a rather thick (sev-
eral centimeters) isolation [6, 7], offers a sub-optimal option when dealing with
biomagnetic fields. Atomic magnetometers, however, exhibit high performance
without cryogenics, offers orders less sensitivity at the sub-millimeter-scale [1, 8].

In order to detect magnetic fields with nanometer resolution, magnetic probes
using SQUIDS [9] as well as magnetic-resonance-force microscopes (MFMs) [10],
have been developed. However, the performance of their magnetic detection is
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Figure 1.1: Reported magnetic sensitivity δB
√

T (T is measuring time) of
various sensor technologies plotted against the size of the sensitive region, from
Ref. [3]. Effective linear dimension (leff ) indicates

√
area for planar sensors

and 3√volume for volumetric ones. For point-like systems such as single spins,
leff indicates 3√volume for a sphere with radius equal to the minimum source-
detector distance. For works reporting sensitivity in units of magnetic dipole
moment, we convert to field using the reported sample distance. SQUID - su-
perconducting quantum interference device; SKIM - superconducting kinetic
impedance magnetometer; OPM - optically-pumped magnetometer; FCOPM -
OPM with flux concentrators; CEOPM - cavity-enhanced OPM; COPM -OPM
with cold thermal atoms; BEC Bose-Einstein condensate; NVD - nitrogen-
vacancy center in diamond; FCNVD - NVD with flux concentrators; GMR -
giant magneto-resistance; EMR extraordinary magneto-resistance; MTJ - mag-
netic tunnel junction; HALL - Hall effect sensor; GRA - graphene; PAFG -
parallel gating fluxgate; MFM - magnetic force microscope. The grey line
shows energy resolution limits 〈δB2〉T leff/(2µ0) = ~, where δB/

√
T refers

to the magnetic sensitivity, µ0 is magnetic permeability, ~ is the reduced Plank
constant.

limited and both sensors require cryogenic cooling to achieve high sensitivity, which
limits the range of possible applications.

Employing atomic-scale defects in crystals, in particular nitrogen-vacancy (NV)
centers in diamond, has recently emerged as a promising quantum sensing plat-
form. NV systems possess a combination of remarkable properties, optical address-
ability, long coherence times, and biocompatibility. Sensors based on NV centers
excel in spatial resolution and magnetic sensitivity [2, 11, 12]. The diamond-based
sensors discussed here promise comparable combination of high spatial resolution
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and magnetic sensitivity without cryogenic operation. MRFM and BEC magne-
tometers also offer impressive spatial resolution and magnetic sensitivity, however
the large magnetic-field gradients and cryogenic operating temperatures used in
MFM [13] and the complexity for BECs , make them impractical for many appli-
cations.

First proposed [14, 15] and demonstrated with single NVs [16, 17] and NV ensem-
bles [18] around 2008, NV-based magnetometers have been extensively developed
with protocols including Ramsey magnetometry [19], continuous-wave optically
detected magnetic resonance (CW-ODMR) [18, 20, 21], pulsed ODMR [22], and
methods involving extending coherence times [23, 24] and increasing readout fi-
delity [25, 26]. Along with new sensing techniques being extensively explored,
NV-diamond magnetometers find use in numerous applications spanning materi-
als characterization [27, 28], nuclear magnetic resonance (NMR) [29, 30, 31], con-
densed matter physics [32], neuroscience and living systems biology [29], and indus-
trial vector magnetometry [33]. The present performance of ensemble-NV sensors,
despite demonstrated utility in a number of applications, remains far from theo-
retical limits [2] and needs further improvement and as well investigations on the
sensing modality.

In this dissertation, NV centers are explored for magnetic sensing in a number
of contexts. In general, we explore novel regimes for magnetic probes with NV
ensembles. Specifically, we explore how we can use NV centers as sensitive magne-
tometers for applications where microwaves (MWs) are prohibitively invasive and
operations need to be carried out under zero ambient magnetic field. The pri-
mary goal of the work presented is to improve the utility of these NV center-based
magnetometers.

1.2 Organization of the dissertation

This dissertation focuses on the utilization of NV centers in magnetic field sensing,
particularly with NV ensembles, though the proposed and demonstrated protocols
have applicability to single-NV sensors as well.

Chapter 1
This chapter gives an overview of the field of magnetometry with NV-
diamond, where the use of NV centers as magnetic field sensors was pro-
posed, demonstrated and applied to precision measurements.
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Chapter 2
In this chapter, a brief introduction to NV centers is provided, including an
overview of the processes by which NV centers may be formed in bulk dia-
mond, the NV electronic structure, the standard techniques to manipulate
and detect the NV spin state, and the NV spin’s interaction with its envi-
ronment. Finally, different sensing regimes of NV magnetometers are briefly
introduced.

Chapter 3
This chapter describes a novel experimental implementation of NV mag-
netometers which do not employ microwaves, thus offering technical and
logistical advantages in bio-imaging and conductive-material sensing. In
particular, a magnetometer based on the level anti-crossing in the triplet
ground state at 102.4mT is demonstrated. Additionally, we deployed the
MW-free technique to perform eddy current detection. The method exhibits
a combination of high spatial resolution and high sensitivity.

Chapter 4
This chapter presents approaches to enhance the NV-sensor sensitivity, both
theoretically and experimentally. To optimize sensitivity, we studied the spin
dynamics involving the hyperfine energy levels near the ground-state level
anticrossing (GSLAC). ODMR spectra at a background magnetic field of
102.4mT are taken and a theoretical model that describes the level mixing,
transition energies, and transition strengths between the ground-state sub-
levels, including the coupling to the nuclear spin of the NV center's 14N and
13C atoms, is developed. Experimentally, dependence of the GSLAC fea-
ture parameters on magnetic-field alignment and optical power is explored.
Additionally, the proposed microwave-free sensing regime is extended to an
absorption technique via detection of the GSLAC in the diamond trans-
mission of a 1042 nm laser beam. With technical optimization, more than
an order-of-magnitude improvement in the magnetic sensitivity is demon-
strated. Eventually a magnetic-noise limit of 450 pT/

√
Hz is achieved.

Chapter 5
This chapter describes an extension of the demonstrated microwave-free
magnetic sensor to a vector magnetometer that simultaneously measures all
Cartesian components of a magnetic field using NV ensembles along a sin-
gle axis in diamond. Full vector capability is achieved by modulating fields
along the preferential NV axis and in the transverse plane, and subsequent
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demodulation of the signal. This sensor exhibits a root-mean-square noise
floor of ≈ 300 pT/

√
Hz in all directions.

Chapter 6
This chapter presents a realization of a zero-field magnetometer using polarization-
selective microwave excitation in a 13C-depleted crystal sample. This regime
employs circularly polarized microwaves to address specific transitions in
the optically detected magnetic resonance and perform magnetometry with
a noise floor of 250 pT/

√
Hz . This technique opens the door to practical

applications of NV sensors for zero-field magnetic sensing, such as zero-field
nuclear magnetic resonance, and investigation of magnetic fields in biological
systems.

Chapter 7
This chapter provides concluding remarks and an outlook on approaches to
further improve the magnetometric sensitivity.





Chapter 2

Nitrogen-vacancy centers in diamond

NV centers in diamond have been exploited as quantum sensors for various ap-
plications ranging from quantum information processing to quantum sensing and
metrology [15, 34, 35]. The properties of NV centers, including quantum coherence
life times, optical initialization and readout of their spin states and coherent MW
control, are the key factors to the performance of the associated quantum devices.

In this chapter, a brief introduction to NV centers is provided, including an
overview of the processes by which NV centers may be formed in bulk diamond,
optical properties and electronic structure, the standard techniques for manipu-
lating and detecting the NV spin state, the NV spin’s interaction with spins in
its local environment, coherence times, and the modalities of NV-based magne-
tometers. A more thorough discussion of the NV center’s optical and electronic
properties can be found in excellent reviews by Doherty et al. [36], Maze et al.[37]
and also Barry et al. [2].

2.1 Physical structure and formation

The NV center is a point defect composed of a substitutional nitrogen adjacent to
a vacancy within the diamond lattice. In most naturally occurring and fabricated
diamonds, NV centers are distributed equally among all four possible crystallo-
graphic directions, see Fig. 2.1. However, they can be engineered to be aligned
preferentially along certain orientation, as is done, for example, in some chemical
vapor deposition (CVD)-grown diamond samples [38, 39].

In the following, formation of NV centers is briefly introduced. Fabricated di-
amonds are commonly generated with one of two methods—high pressure, high
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x y

z

NV || [111]

NV || [111]

NV || [111]

NV || [111]

Figure 2.1: Four orientations of the NV center in diamond. Carbon atoms are
depicted as grey solid sphere, nitrogen (N) atoms as purple spheres, and vacan-
cies (V) are the sites of missing atoms indicated with dashed red circles. For an
ensemble of NV centers within a single-crystal diamond, the NV symmetry axes
are equally distributed along the four orientations. The NV axes are denoted
with highlighted bonds pointing from V to N. Four additional orientations are
possible by flipping the NV-axis vectors in each configuration above; however,
orientations with equivalent symmetry axes are spectrally indistinguishable and
may therefore be considered in the same NV orientation class.

temperature (HPHT) synthesis [40], or plasma-enhanced CVD [41, 39]. The cre-
ated diamonds are therefore called HPHT and CVD diamonds, respectively. The
HPHT method, first demonstrated by Tracy Hall in 1954 [41], involves growing
diamond from a seed crystal under high pressure (> 5Gbar) and high temper-
ature (> 1250 ◦C). In the HPHT synthesis, solvent-catalysts (for carbon source
dissolution) are always employed in order to increase the growth rate, decrease
the required temperature and pressure, and allow for better composition control.
During the synthesis, nitrogen can be easily incorporated into the diamond lattice,
and the nitrogen content in such diamonds can be tuned by varying the atomic
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Figure 2.2: Images of single-crystal diamonds. From left to right: (a) denoted
as sample A, CVD diamond, nitrogen concentration ≈1 ppm, size ≈ 3× 3× 0.8
mm3. (b) denoted as sample B, HPHT diamond, nitrogen concentration ≈
3 ppm, size ≈ 0.7×0.7×0.5 mm3; and (c) denoted as sample D, HPHT diamond,
nitrogen concentration ≈ 12 part per million (ppm), size ≈ 3 × 3 × 0.5 mm3.
The nitrogen concentration are before annealing for all samples.

composition of the metal solvent catalyst. Detailed description can be found in
Dobrinets et al. [42], Kanda, et al. [43], and Palyanov et al. [44].

Alternative to HPHT synthesis, plasma-enhanced CVD is a homoepitaxial growth
[41, 45], where a diamond seed is put into a heated growth chamber at around
800 ◦C. During the growth, the diamond is exposed to a plasma of hydrogen mixed
with methane (which serves as a carbon source, approximately 0.5-5%), and pos-
sibly other species such as oxygen or argon [46]. The hydrogen plasma, etching
both diamond layer by layer and particularly non-diamond bonded material, de-
posits reactive carbon atoms (converted from methane under the plasma) to the
dangling bonds of the carbon atoms located on the diamond surface. With careful
control of hydrogen etching and carbon deposition rates, net diamond growth can
be achieved [45]. The introduction of chemical impurities into the diamond growth
can be finely controlled so that the purity of the diamond crystal can be very high.
The plasma-enhanced CVD synthesis can be used to produce thin or doped layers
from nanometer to micrometer thickness [47, 48].

NV centers can be formed by introducing nitrogen atoms and vacancy defects
into the diamond lattice. Alternative to being introduced into diamond during
synthesis, nitrogen impurities can be incorporated into an existing diamond by
implanting nitrogen ions, most commonly N+ and N2+ [49]. Vacancy defects or
effectively damage to the crystal lattice are created alongside with the irradiation
of ions or electrons. These vacancies become mobile above 600 ◦C [50] and tend
to become trapped adjacent to substitutional nitrogen impurities. The imaginary
line connecting a nitrogen atom with an adjacent vacancy forms the symmetry axis
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of an NV center. Images of some diamond samples used in this thesis are shown
in Fig. 2.2. The diamonds appear in different colors depending on the impurity
species and the defect concentration.

2.2 Electronic structure

In order to understand NV dynamics and optical properties, it is quite vital to
understand the basic symmetry and the physics underlying the NV electronic
structure. A brief description of the NV center’s electronic structure is presented
in this section; for a more thorough discussion, readers are referred to Ref. [36].

The electronic structure of the NV center is mainly governed by the dangling bonds
of the three carbon atoms and the nitrogen atom surrounding the vacancy [51]. The
NV center exists in three known charge states: the negatively charged NV− state,
the neutral NV0 state and positively charged NV+ state [2, 52]. The NV− charge
state, which exhibits exceptional properties, is believed to receive an additional
electron from a nearby charge donor (usually substitutional nitrogen) [53, 54]. As
the NV− charge state is the main focus of the current work, for the remainder of
this dissertation, we mostly follow the convention in the literature, where “NV”
refers to the negatively charged state of the defect. It is important to note, how-
ever, that the NV0 charge state remains an area of research both to obtain further
insight into the NV− charge state and to explore its suitability as another candi-
date spin system for various quantum applications.

Following a group theoretical treatment, the electronic configuration of the ground
and excited states of NV can be deduced using either the six-electron model [55, 56]
or the two-hole model [37]. A schematic of six-electron levels of the NV is depicted
in Fig. 2.3, where electrons fill the molecular orbitals from lowest to highest energy
levels following Hund’s rules. In the ground state configuration, the lower two
states (a1, a1′) of a1 symmetry are fully occupied and the two remaining electrons
or holes occupy the ex and ey states and form a triplet (i.e. S = 1). When one
electron in the a1 is excited into either ex or ey level, it forms the excited state
configuration.

Understanding the orbital contribution of each electron configuration is essential
to describe how the electron density is distributed in the ground and excited states,
to model energy levels and to understand the optical properties and dynamics of
the NV center.
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Figure 2.3: Schematic of the six-electron configuration of the NV center.
The left arrangement is for one spin configuration (|ms = 1〉) in the ground
state, labeled e2 to denote the unpaired electronic density, and the right one
is for excited state (ms = 1〉), ae [51]. Note that the lowest-energy level, a′1, is
predicted to lie below the valence band (VB) and it has been reported that the
conduction band (CB) is well above the ex and ey levels [51].

2.3 Optical properties and dynamics

The ability to optically polarize and read out of the spin state of the NV centers
makes the defects useful for a number of applications in metrology, nuclear spin
polarization and quantum information science. In the following, we discuss the
dynamics and the origin of the spin polarization and spin-dependent fluorescence
exhibited by the NV center.

The electronic energy level structure of the NV center has been studied in a number
of reports, e.g. Ref. [37, 51, 55, 56, 57, 58, 59]. A widely accepted scheme is shown
in Fig. 2.4. In this scheme, the NV has a ground and an excited state, marked as
3A2 and 3E, respectively. As mentioned in section 2.2, the ground state is a spin
triplet, and thus has three magnetic sublevels |ms = 0, ±1〉. The |ms = 0〉 and
|ms = ±1〉 states experience a zero-field splitting (ZFS) of 2.87GHz as the energy
degeneracy is lifted due to spin-spin interactions. The excited state has a similar
structure, but with a lower ZFS of 1.42GHz. The splittings define the natural
quantization axis of the NV center.
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Optical transitions between the triplet ground and excited states have a charac-
teristic zero-phonon line (ZPL) at 637 nm with a broad emission spectrum (in the
range 640 ∼ 800 nm). This broad feature is due to the phonon sideband which
occurs since there are vibrations in the diamond lattice. The NV centers that are
excited to higher vibrational levels in the excited electronic state nearly immedi-
ately decay back to the lowest vibrational level nonradiatively. From there, they
decay (mostly) radiatively back to the ground electronic state and this process can
be, once again, accompanied by phonon excitation (this time in the ground elec-
tronic state). This results in the emission spectrum to be (Stokes) shifted towards
lower frequencies compared to the absorption spectrum.

Following the widely accepted enenrgy level scheme shown in Fig. 2.4, the sin-
glet states are two metastable states (labelled as 1A and 1E) which results in
infrared emission and absorption seen in experiment [21, 60]. Based on symmetry
consideration and the observed intersystem crossing decay path, we have ordered
the states as that lower state with 1E symmetry and the upper state with 1A

symmetry separated by a 1042 nm ZPL [61, 62, 63, 36].

Under optical excitation, the transitions between the ground and excited states
are primarily spin conserving, since the electric dipole operator does not act on
spin but rather on the orbital component [58]. However, there exists a nonradiative
alternative decay path which allows for the transfer of the spin population from the
|ms=±1〉 state to the |ms=0〉 state via the singlet states. Once in the excited state,
the NVs relax back to the ground electronic state possibly in two different channels:
decay directly from the excited to the ground state, with photons emitted at 637-
800 nm; or via nonradiative inter-system crossing (ISC) transitions, shown in
Fig. 2.4. The ISC turns out to be strongly spin state dependent, so that NV
centers in the |ms=±1〉 magnetic sublevels have significantly higher probability to
undergo an ISC than in the |ms=0〉 state, though the exact ratio of the transition
rate is not precisely known and likely dependent upon temperature, strain, and
other factors [36]. The relaxation through ISC takes ≈ 220 ns, leading to a spin-
dependent fluorescence which may be used for spin-state readout, since |ms=±1〉
spins emit fewer photons per excitation cycle than |ms=0〉. From the singlet states,
the NV center’s electronic spin decays with approximately equal probability to
any sublevels of the ground states. As a result of these dynamics, NV centers are
optically pumped to the |ms=0〉 ground state within a few excitation cycles. The
observed spin polarization has been reported in the range of 80%-95% [65, 66, 67].
The incomplete spin polarization is attributed to the non-axial spin-orbit coupling
of the |ms=0〉 and |ms=±1〉 states, weakly allowing transitions from the 3A2,
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Figure 2.4: The optical dynamics of the NV center. We have ordered the
states based on symmetry considerations and the observed intersystem crossing
(ISC) decay paths (amber lines) shown here. State lifetimes are marked next
to the respective state symbol and the values were obtained from Ref. [64], with
the lower singlet lifetime being temperature dependent (∼220 ns at room tem-
perature and ∼450 ns at 5K). Transitions relevant to NV− spin dynamics are
shown, where the green solid line corresponds to optical pump, (dark) red solid
lines indicate radiative transition and amber dashed lines represent nonradia-
tive transitions. The transition rates are listed in Table 2.1. The grey gradient
background of triplet states represent the vibrational energies.

|ms=0〉 to 3E, |ms=±1〉 states [58]. The optical transition rates and state lifetimes
are shown in Table 2.1.

These key characteristics, which allow optical initialization and readout of the NV
center’s electronic spin state, in combination with the ability of coherent manipu-
lation with conventional electron spin resonance (ESR) techniques, make the NV
center an ideal candidate for applied magnetometry.
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Rate constant (µs−1) Ref.[68] Ref. [69] Ref. [70]
ke0→g0 67.9±5 64.2 66.2
ke±→g± 67.9±5 64.9 66.2
ke±→s 53±7 80 91.8
ke0→s 7.9±2.1 11.2 11.1
ks→g0 1.0±0.5 3.0 4.9
ks→g± 0.75±0.65 2.6 2.0
kg0→e±=ke0→g± 1.5±0.5 – –

Table 2.1: NV− transition rates: g0, g± are the |ms=0,±1〉 ground state, e0,
e± are the |ms = 0,±1〉 excited states. s indicates the singlet states involving
1E and 1A. The values of kg0→e± and ke0→g± are not reported in Ref. [68]. NV
decay rates are measured at room temperature. The values here are averages
over measured NV centers.

2.4 Spin properties

This section introduces the spin properties of the NV center that provide the
foundation for ESR spectroscopy and coherent manipulation of the NV spin state.

As pointed out previously, the ground state is a spin triplet. The NV electron
spin mainly sees the effects of Zeeman shift and spin-spin interactions. A general
Hamiltonian is given here in the basis ms=0, ±1, where the spin quantization
along the z-direction is set by the largest energy splitting in the system.

H = HZ +HSS, (2.1)

where HZ represents Zeeman energy Hamiltonian and HSS the spin-spin interac-
tion. Note here that the Hamiltonians presented in this thesis are all expressed
in units of angular frequency. The Zeeman Hamiltonian HZ arises due to the
magnetic field and is given by

HZ = µB · ge ·B · S, (2.2)

where µB is the Bohr magneton, ge is the electron g-factor, B is the magnetic field
and S is the electron spin operator. As a result, the |ms = ±1〉 states acquire
additional energy proportional to the magnitude of an external magnetic field
along the NV symmetry axis.
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The spin-spin interactions include dipolar coupling between the two unpaired elec-
trons of the NV− center (Hee in the following equation), hyperfine interactions
between the electron spin of the NV center and the nuclear spin of the intrinsic
nitrogen (HN) and other spins in the local environment, e.g. nuclear spins of 13C
(H13C) electron spins of substitutional nitrogens (noted as P1 centers, hence HP1),
and etc.

HSS = Hee +HN +H13C +HP1. (2.3)

2.4.1 NV electron spin-spin interaction in the ground state

The spin-spin interaction of NV electrons leads to the splitting of |ms=0〉 and
|ms = ±1〉 in the ground state even in the absence of an external magnetic field,
by the amount of the ZFS parameter Dgs. Any deviation from the spherical
symetric spin density for the spin S = 1 system gives rise to this splitting [71].
The Hamiltonian term of the interaction in the ground state can be written as

Hee = (Dgs + d‖gs)S2
z + dxgs(S2

x − S2
y) + dygs(SxSy − SySx), (2.4)

where Dgs ≈ 2.87GHz; the parameters d‖gs and dxgs, dygs are the electric-field NV−

coupling constants. From the Hamiltonian we can see that the axial coupling term
has the effect of changing the energy separation between |ms=0〉 and |ms = ±1〉
magnetic sublevels and the transverse components mix the |ms=-1〉 and |ms=+1〉
sublevels [72]. In addition, strain in the diamond lattice can also lead to a coupling
between the |±1〉 states. A thorough study of this effect can be found in Ref. [73].
However, electric field and lattice strain have different characteristics in terms of
energy splitting and state mixing and it has been recently reported that NVs ex-
hibit ∼50 times larger susceptibility to transverse electric fields (causing splitting)
than that to axial fields (causing shifting) [72]. A more thorough discussion on the
different effects of electric field and strain is outside of the scope of this chapter.

There are a number of electron and nuclear spins in the diamond lattice that can
interact with the NV center. On the one hand, interactions enable spin exchange
between the spins. On the other hand, the local spins will induce cross relaxation
of the NV spin state, discussed in detail in Section 2.6. Better understanding
of the interactions between different spin species in the diamond environment
may inform engineering decisions for optimizing the NV center for magnetometric
applications. In the following text, interactions between NV electron spin and the
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Figure 2.5: The NV’s triplet level structure at room temperature. The ground
state, 3A2, is a spin-triplet with a zero-field splitting Dgs ≈ 2.87GHz between
the |ms = 0〉 and |ms = ±1〉 states. The excited triplet state, 3E, separated
from the ground state by the ZPL (637 nm, or 1.945 eV), has smaller zero-field
splitting Des ≈ 1.4GHz. Due to the Zeeman effect, the |ms = ±1〉 states
experience additional splitting, ∆ = 2γB (B along the NV axis). Each of the
electron-spin magnetic levels are further split due to hyperfine interaction with
the nuclear spin of the intrinsic nitrogen, 15N in this case.

intrinsic 14N/15N nuclear spin, 13C nuclear spin, as well as the electron spin of P1
centers, are discussed.

2.4.2 Interaction with 14N/15N

The Hamiltonian of a nuclear spin surrounding an NV center in diamond can be
attributed to three components [71], hyperfine interaction with the NV electron
spin, the nuclear Zeeman Hamiltonian depending on the static external magnetic
field and zero-field energy for nuclear spins if the nuclear spin is larger than 1/2.
The hyperfine interaction comprises two contributions, the isotropic Fermi contact
interaction and the anisotropic electron nuclear magnetic dipole-dipole interaction,
for a detailed description see [71]. Usually the two contributions to the hyperfine
interaction are summarized into one tensor A. The interaction is thus expressed
as S ·A · I, where I is the nuclear-spin operator. In its eigensystem the tensor for
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the case of 14N has the diagonal form

A14N =


A⊥ 0 0
0 A⊥ 0
0 0 A‖

 , (2.5)

where A⊥=-2.7MHz and A‖ =-2.16MHz. The values of the constants are taken
from [74, 75].

The nuclear Zeeman splitting is written as γ14N ·B ·I14N, where γ14N=3.077MHz/T
is the nuclear-spin gyromagnetic ratio of 14N. The quadrupolar term is Q·I2

z, where
Q≈ 4.95MHz is the nuclear-quadrupole-splitting parameter for 14N.

In summary, the Hamiltonian that associated with the nuclear spin of the intrinsic
14N atom is

H14N = S · A14N · I14N + γ14N ·B · I14N + I14N ·Q · I14N. (2.6)

For an 15N atom, the Hamiltonian is simplified to

H15N = S · A15N · I15N + γ15N ·B · I15N, (2.7)

where I15N=1/2 is the nuclear spin of 15N, γ15N=-4.316MHz/T is the nuclear-spin
gyromagnetic ratio and A15N is the hyperfine interaction tensor between the 15N
and the NV’s electron spin. The longitudinal and transverse components of A15N

are A⊥=-3.65MHz and A‖=3.03MHz [75]. An energy-level diagram for the ground
state of the NV center is shown in Fig. 2.5, including the Zeeman and hyperfine
energy levels.

2.4.3 Interaction with 13C

In the diamond lattice, 13C nuclei (I=1/2) make up ∼1.1% in natural abundance,
which means that ∼3.3% of NV centers have a 13C in the first shell, about 10% in
the second shell and 30% in the third shell [75]. Thus discrete hyperfine interac-
tions are observed [75, 76, 77], as the distances and relative locations between NV
and 13C atoms are defined by the diamond lattice, as shown in Ref. [78]. Details
of the ground state hyperfine coupling for numerous shells can be found in the
following references [51, 78, 76].
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The hyperfine Hamiltonian term for 13C is

H13C = S · A13C · I13C,+γ13C ·B · I13C, (2.8)

where I13C is the 13C nuclear spin, A13C is the hyperfine interaction tensor and
γ13C is the gyromagnetic ratio. As 13C atoms in the first NV− shell do not lie
along the NV axis, the hyperfine tensor contains anisotropic terms, which leads to
asymmetric resonances in ODMR.

Note that based on selective excitation of NV electron spins accompanied by nu-
clear spin flips induced by the hyperfine interactions with the electron spin, NV
centers with relatively strongly coupled nuclear spins allow manipulation and co-
herent control of the spin system. The NV center can potentially serve as both
a sensor for spin detection and a spin polarizing source for neighboring nuclear
spins [79, 80, 34, 81, 82]. Owing to these remarkable properties, NV− centers have
been widely exploited in applications such as sensitive metrology and quantum
information.

2.4.4 Interaction with P1 centers

There are a number of substitutional nitrogen atoms displacing carbons in the
diamond lattice of I-b type, and also those diamonds fabricated with the methods
mentioned previously in Section 2.1 that involve nitrogen atoms introduction dur-
ing diamond growth. An uncharged neutral substitutional nitrogen atom, denoted
as P1 center, has an electron spin S = 1/2 and interacts with NV electron spins
and is therefore acting as a source of spin decoherence. The Hamiltonian of the
P1 center including hyperfine interactions is given by [83],

HP1 = AP1
z SP1

z IP1
z +AP1

x (SP1
y IP1

x +SP1
y IP1

y )+Bz(γP1
e Sz+γP1

e Iz)+QP1(IP1
z )2, (2.9)

where SP1=1/2 and IP1=1, respectively, are the electron and nuclear spins of the
P1 center (14N in this case), γP1 is the nuclear gyromagnetic ratio and QP1 is
the nuclear-quadrupole-splitting parameter. Like NV centers, P1s also have four
possible orientations. For cases where the P1 axis is aligned with the external
magnetic field, the P1-interaction-tensor component Az = 114MHz, and Ax =
81.3MHz. If the P1 defect is aligned along one of the three other bond directions
not aligned with the field, the Hamiltonian needs to be transformed via a rotation
operator (for details, see Ref. [83]).
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The P1 centers perturb the ESR and ODMR spectra of NV centers. The pertur-
bations can be understood by considering the magnetic dipole-dipole interaction
between NV− and P1 centers [84]. This interaction couples the NV-P1 eigenstates
and leads to simultaneous electron spin flips, which produces features in the NV
ESR and ODMR.

In addition, the P1 center can also dramatically influence the coherence lifetime
of the NV center. Due to a high spin-flip probability at low magnetic fields, the
P1 centers in the diamond lattice produce fluctuating magnetic fields that can
perturb the NV−center coherence. The decay of the NV’s coherence, resulting
from average effects of the static dipolar interactions, depends on the density of
surrounding spins. Thus it can be used to characterize the concentration of local
P1 defects by this double electron-electron resonance (DEER) method [85].

2.4.5 Interaction and interconversion with NV0

The electronic structure of the neutral-charge-state NV center (NV0) is less well-
understood than that of the NV− or P1 centers. The existence of the NV0 center
affects the optical detection based on photoluminescence via a decrease in NV−

ODMR and ESR contrast. The NV0 contributes to unwanted background fluores-
cence, which can be reduced by using a long-pass or band-pass filter that excludes
the NV0 ZPL (575 nm) [86].

Unlike NV−, the NV0 lacks a demonstrated optical method for spin-state prepa-
ration and readout. The NV center in the neutral charge state has five electrons,
three of which are from the dangling carbon bonds and two from the dangling
nitrogen bond [54]. It is speculated that it possesses a spin-1/2 ground state [87],
and has potentially relatively low energy with a sufficiently long lifetime [87]. It
has been reported that NV0 interacts with NV−, for which the Hamiltonian can
be found in Ref. [88].

The conversion between these two species has become a exciting research topic re-
cently since it provides alternatives to conventional PL-based readout of NV− spin
state. Spin-to-charge conversion readout, for example, which exploits differences
in the NV0 and NV− wavelength-dependent excitation and associated PL, has
been demonstrated for single NVs [89, 90, 91, 92], for nanodiamonds [93] and for
bulk diamond [94]. This technique offers high-fidelity charge-state determination
by taking advantage of the slightly increased spin contrast and extended readout
duration. Another non-optical method is photoelectric readout, which rests on
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direct electric detection of charge carriers resulting from the ionization of an NV-
electron and therefore the conversion between NV− and NV0 [95, 96, 97, 98]. This
technique avoids the complexity of confocal imaging and has the potential benefit
of nearly unity collection efficiency [95].

Both methods mentioned above rely on intrinsic charge dynamics occurring un-
der light illumination, which has been recently extensively investigated but still
remains poorly understood. Here, we briefly introduce the ionization mechanisms
proposed in the literature. A well documented scheme of the ionization dynamics
is presented in Fig. 2.6 (a) [92, 100, 101]. Electrons promoted to the excited state
can either decay back to the ground state or undergo further excitation to the
CB, as the excited state of the NV− lies close to it. There, they can freely travel
under an applied electric field and thus can be detected. Within one cycle, two
charge carriers are produced: one electron during ionization and one hole during
NV− recovery. Due to the spin-selective ISC [102], electrons in the 3E |ms = ±1〉
sublevels can decay to the metastable singlet states (electron shelving). It is as-
sumed that this shelf state (the metastable states) stores the electron for about
∼220 ns and protects the population from ionization driven by laser excitation
[Fig 2.6 (a)]. This leads to a temporary decrease in the generation rate of charge
carriers, thus providing the contrast for electrical readout [92]. This dynamical
charge circulation enables the photoelectrical readout of NV’s spin state.

Another postulated ionization transition pathway, instead of being prohibited from
the shelf state, is through direct transitions from the excited triplet state and a
shelf state. This proposed steady-state charge dynamics has been modelled with
a seven-level rate-equation model. It consists of five levels representing the NV−:
the 3A2 |ms = 0〉, 3A2 |ms = +/− 1〉, 3E |ms = 0〉, 3E |ms = +/− 1〉 and a single
level representing the shelf singlet states, and two levels depicting NV0: a ground
state (2A) and an excited state (2E). Within this model, ionization from NV− to
NV0 occurs either via a laser driven transition (green solid lines) from the excited
states of NV− or a postulated laser-driven transition (dashed grey line) from the
shelf state. Recovery occurs via a laser-driven transition from the excited state of
NV0 to the ground state of NV−. In addition, slow (∼100 µs−1) ionization exists
between the ground states of NV− and NV0. This model agrees well with the
observation that indicates that |ms = ±1〉 state was preferentially ionized [99].

Other alternatives, including photoionization via direct promotion of electrons
from the 1E metastable state to the conduction band, have also been proposed
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Figure 2.6: NV charge dynamics. (a) Scheme of the NV center’s charge-state
conversion within one cycle of ionization and recovery. First, an electron in the
ground state (3A2) of NV− is promoted to the excited state (3E) by absorbing a
photon (photon1). From (3E), electrons can decay back to (3A2) or be excited
to the diamond’s CB by absorption of a second photon (photon2) which leaves
the defect in its neutral charge state. Next, two photons convert the NV0 back
to NV−: the NV0 center electron is first excited (photon3) and an electron is
then promoted from the VB to the vacated orbital of NV0 (photon4), while a
free hole remains in the VB. The hole is filled with an electron donated from
nearby substitutional nitrogens afterwards, recovering NV−. Electrons in the
3E |ms = ±1〉 state undergo a spin-selective nonradiative decay via ISC with
high probability, which leads to spin-dependent photocurrent generation rate.
Red solid circles represent electrons. (b) An alternative seven-level model of
steady state population dynamics in an NV ensemble, from Ref. [99]. The model
includes five levels representing NV−: the |ms = 0〉 and ms = ±1〉 levels of the
ground (3A2) and excited (3E) triplet states and the long-lived singlet shelf
state, and two levels depicting NV0: a ground state (2A) and an excited state
(2E). Ionization from NV− to NV0 occurs either via a laser-driven transition
(green solid lines) from the excited states of NV− or the postulated laser-driven
transition (dashed grey line) from the shelf state. Recovery occurs via a laser-
driven transition from the excited state of NV0 to the ground state of NV−. In
addition, slow (∼100 µs−1) dark ionization exists converting NV− to NV0.
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but lack direct experimental evidence. Additional studies on NV0 can be found in
the following references [100, 92, 101, 99, 103, 104].

2.5 Electron spin resonance in NV diamond

2.5.1 Continuous-wave electron-spin resonance

In this section, several basic ESR techniques that provide the foundation for co-
herent manipulation of the NV spin state are discussed. As described in previous
sections, the spin states of the NV center can be optically pumped and read
out. The first optical detection of NV centers was achieved in 1988 by van Oort,
Manson, and Glasbeek [105]. In the measurement, the ODMR spectrum of an
ensemble of NV centers was recorded and the relaxation dynamics of the NV en-
sembles in the ground state at 1.4K were investigated. A decade later Gruber et
al. demonstrated ODMR of single NV− centers at room temperature [106]. The
demonstration of ODMR on a single NV− spin as well as the long coherence time
sparked interest in using the solid-spin system to detect magnetic fields with high
resolution and sensitivity [14, 107].

The fluorescence intensity or transmission of laser light is linked to the population
distribution of the spin state in the ground state of NV− centers. Following the
selection rules for magnetic dipole transitions (∆ms = 0,±1 or ∆mI = 0,±1),
the transitions between |ms = 0〉 and |ms = ±1〉 can be addressed by a MW
magnetic field perpendicular to NV axis. When NV electrons are driven into the
|ms = ±1〉 states, they have a high probability to go through the inter-system
crossing, leading to a decrease in photoluminescence (see Fig. 2.7) or an increase
in absorption for transitions between the singlet states.

Continuous-wave ODMR spectra are obtained by sweeping the applied MW fre-
quency under simultaneous illumination with a continuous-wave laser beam. The
NVs are pumped into the |ms=0〉 state by optical excitation. When the applied
MW is resonant with one of the ground-state transitions, e.g., |ms = 0〉 ↔ |ms =
−1〉, the spin state cycles between these two states, modulating the fluorescence
intensity. Under an external magnetic field, the Zeeman Hamiltonian, HZ , splits
the |ms = −1〉 and |ms = +1〉 resonances by 2γeB, where γe is the NV electron
spin gyromagnetic ratio. For an equally-distributed NV ensemble, eight resonances
are observed in PL as a function of MW frequency, as shown in Fig. 2.7 (a), cor-
responding to the |ms = 0〉 ↔ |ms = −1〉 and |ms = 0〉 ↔ |ms = +1〉 transitions
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Figure 2.7: (a) This spectrum shows the transitions from |ms = 0〉 to |ms =
−1〉 and |ms = −1〉 for NVs along all four orientations at an arbitrary magnetic
field (the magnitude is ∼ 30G). The data were obtained under continuous-wave
optical excitation on an HPHT synthesized diamond (denoted as sample E).
The nitrogen concentration in this diamond is roughly 110 ppm before electron
irradiation. This sample exhibits an ODMR linewidth of about 10MHz. (b)
This spectrum was acquired with diamond sample B which contains 3 ppm
nitrogen before annealing. Its linewidth is ∼100 kHz, thus the 14N hyperfine
interaction is visible with the corresponding splittings ≈2.2MHz.

for each NV orientation. The magnetic field applied to the diamond in Fig. 2.7
(a) is about 30G. The splitting between the two resonances for NVs along the
same direction is determined by the projection of the magnetic field onto the NV-
symmetry axis. In the presence of hyperfine interaction with the intrinsic 14N,
each of the eight resonances is further split into three peaks [see Fig. 2.7 (b)].

A noticeable feature of Fig. 2.7 is that the contrasts of resonance features are
different for different NV orientations. This can be explained as follows: the PL
emission from NV centers along each single direction will vary depending on the
incoming light polarization [108], since the maximum light absorption occurs when
the optical electric field is along the axis of the NV center. In addition, because
the driving efficacy of the MWs is dependent on the direction of the MW B1 field
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with respect to the NV axis, not all four orientations will experience the same
strength of MW field.

In the presence of a local magnetic field, the ODMR feature shifts with respect
to the MW drive frequency, causing a change in the detected fluorescence. The
implementations of magnetic-field sensing protocol based on ODMR techniques
exhibit sensitivities limited, in part, by the relevant NV− spin relaxation times,
which will be discussed in the following section.

2.5.2 Rabi nutations

As discussed previously, applying MW resonant with the ground-state transitions,
induces coherent population oscillations between the two spin sublevels. The os-
cillations in the population of the |ms=0〉 state, known as Rabi nutations, can be
monitored in a measurement with MW and laser fields applied in a pulse sequence.
An example Rabi curve of a dense NV ensemble is shown in Fig. 2.8. First, the NV
spins are initialized into |ms=0〉 by an optical excitation pulse. Then, a resonant
MW pulse of length τ is applied to coherently transfer the NV spin population be-
tween, for example, the |ms=0〉 and |ms=-1〉 states. The resultant NV spin state is
subsequently detected by measuring photoluminescence or absorption. The degree
of population transfer is a function of both the length and amplitude of the MW
pulse. In Fig. 2.8, the signal is plotted as a function of MW pulse length. Minimum
photoluminescence intensity corresponds to the NV spin population occupying the
|ms=-1〉 state (in this example), whereas maximum fluorescence intensity corre-
sponds to the NV spin population occupying the |ms=0〉 state. Therefore, the
NV spin state can be coherently manipulated by applying MW pulses of specific
lengths and also more complicated pulse sequences, as discussed in the following
section.

It is important to note that there is decay of Rabi signal due to decoherence effects
such as inhomogeneous broadening, hyperfine interactions with local spins and also
magnetic fluctuations due to the local spin environment. An in-depth discussion
of these effects is beyond the scope of this dissertation; for a thorough study of
NV Rabi nutations readers are referred to the article [109]. The Rabi nutation
frequency is given as:

Ω = γe ·B1, (2.10)

where γe is the gyromagnetic ratio of the NV electron spin and B1 is the component
of the applied MW perpendicular to the NV symmetry axis.
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Figure 2.8: Rabi curve of an NV ensemble (sample B). The photoluminescence
intensity is normalized against that measured after optical pumping. The inset
shows the pulse sequence for measuring Rabi nutations.

2.5.3 Characteristic timescales

Most of the applications employing NV centers in diamond (e.g., quantum sens-
ing, communication, and information processing) rest on the ability to coherently
manipulate the NV center’s spin state. As discussed in the previous section, spin
manipulation can be achieved by applying resonant MWs. However, the NV spin
state also experiences perturbations due to other spin impurities in the local en-
vironment, which will result in dephasing and decoherence of the NV spin, char-
acterized by T ∗2 and T2, respectively. In addition, the NV spin may also interact
with lattice phonons, leading to spin flips and subsequent population decay (i.e.,
spin-lattice relaxation) on a time scale characterized by T1. This section briefly
describes the origin and determination of these characteristic time scales.

In general, spin dephasing occurs as a result of inhomogeneities in the environ-
ment; in the particular case of the NV spin, the dominant inhomogeneities are
variations in the local spin environment as well as fluctuations in local magnetic
fields. The T∗2 is typically measured experimentally by one of two methods. One
is to apply a Ramsey pulse sequence and extract the characteristic time of the
free induction decay (FID) curve. A typical Ramsey pulse sequence is depicted
in the inset of Fig. 2.9; first, an optical excitation pulse initializes the NV spin
state to |ms = 0〉. Then, a π/2 MW pulse is applied and forms a superposition
of, e.g., the |ms = 0〉 and |ms = −1〉 states. The spin system then evolves (and
dephases) during a time τ . After this evolution time, another π/2 pulse is applied
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Figure 2.9: T∗2 measurement of an NV ensemble in diamond sample B. NV
free-induction decay curve from which T∗2 ≈ 670±20 ns can be extracted. The
employed Ramsey pulse sequence is shown in the inset.

to transform the relative phase accumulation into a population and the NV spin
state is subsequently detected by measuring the fluorescence intensity. Varying
the free precession time τ yields an FID curve, from which the T∗2 is extracted as
the characteristic time of the decay envelope, as shown in Fig. 2.9. Note that the
oscillations that occur in the FID curve are due to the offset of MW excitation
to the resonant frequency. The beating is attributed to that spins in different
hyperfine levels evolve in the dark time. In the above measurement, the beating
frequency is ≈ 2.19MHz.

The advantage of above method is that the spins evolve in darkness (no light
and no MW are active), so that MW broadening or narrowing is avoided. An
alternative method for measuring the dephasing time T ∗2 is to take an ODMR
spectra at low optical power, extract the full-width at half maximum (FWHM)
of the resonances at lower MW powers, and use the values to linearly extrapolate
the FWHM at zero MW power [18].

Whereas T∗2 is the characteristic time for inhomogeneous spin dephasing, the T2

time is the characteristic time for homogeneous spin dephasing, more commonly
referred as spin decoherence [2]. In particular, while T∗2 is sensitive to static and
slowly-varying inhomogeneities, T2 is intrinsic to the NV center and its local spin
environment.
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Figure 2.10: Typical T2 decoherence curve of an NV ensemble, from which
T2 ≈ 17.4±0.4 µs can be extracted. The employed spin-echo pulse sequence is
shown in the inset.

The NV spin decoherence time T2 is typically measured using a spin-echo (also
known as a Hahn echo) pulse sequence, shown in Fig. 2.10. It is an extension
of the Ramsey pulse sequence involving an additional π pulse between the two
π/2 pulses. The added π pulse resets the spins halfway so that the phase acquired
during the first evolving interval (before the π-pulse) is inverted and then cancelled
during the second interval (after the π-pulse). That means, spins having larger
accumulated phases than average are now set to be smaller by the same amount.
Consequently, any net phase accumulated due to a static magnetic field is ideally
eliminated. As a result, the T2 of the NV− spin state can be substantially longer
than the inhomogeneous dephasing time.

Longitudinal electron-spin relaxation time, T1, is characterized as the interval dur-
ing which NV spin population decays back to a thermally mixed state that exists
before optical initialization. Longitudinal spin-population decay is also called spin-
lattice relaxation for NV centers since it mainly results from fluctuations caused
by phononic interactions with the crystal lattice. Since spin-lattice relaxation is a
phononic process, T1 is sensitive to temperature, as discussed in Ref. [110].

Under a magnetic field corresponding to level anticrossings (LACs), NV spins also
experience relaxation due to local spins. This is because a transition frequency of
the Zeeman split of a local spin approaches that of the NV spin, they will exchange
magnetization and thus increase the cross relaxation rate of NV spins. This may
lead to observable features around LACs (discussed in detail in Ch. 3) and enables
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Figure 2.11: T1 measurement of an NV ensemble. (a) Optical and microwave
pulse sequence used for T1 measurements and sketch of the related time depen-
dence of population P(t) of the ground state ms = 0. This state is predom-
inantly responsible for the luminescence signal with (left panel) and without
(right panel) the MW pulse. (b) NV spin-relaxation curve. Subtraction of two
subsequent luminescence signals without and with the MW pulse for different
delay times τ allows determination of the longitudinal relaxation time.

the detection of environmental spins by monitoring changes in NV T1 times, a
technique known as magnetic relaxometry [31, 83].

The pulse sequence for measuring T1 in NV spins is shown in Fig. 2.11 (a); after an
initial optical excitation pulse to polarize the NV electron spins into the |ms = 0〉
ground state, either a MW π pulse is applied such that the NV spin is transferred
to, for example, |ms = −1〉 state (πon) or no MW pulse is applied and the NV spin
remains in the |ms = 0〉 state (πoff ). After a time τ , a second optical detection
pulse is applied and the resultant NV fluorescence is collected. The subtraction of
the two signals (πoff -πon) rejects common-mode noise and gives the polarization
of the NV spin population remaining after evolution time τ . Varying τ yields



Magnetic sensing with NV centers 29

a spin-relaxation curve, from which T1 can be extracted [111]. Note here, this
measurement assumes the NV spins in |ms = 0〉 and |ms = ±1〉 have the same
lifetime, which is not necessarily true. For more discussions, readers are referred
to Ref. [112].

In summary, the NV center in diamond is a system rich with interesting spin
physics. This introduction has provided the reader with important background to
understand the nature of the NV experiments that will be discussed in this thesis.

2.6 Magnetic sensing with NV centers

One of the most promising applications for NV centers is as magnetic sensors of
both internal magnetic fields, such as those produced by other spin impurities
within the diamond, and those external to the diamond, such as biological cells,
condensed matter materials, etc. NV-based magnetic sensing can be broadly clas-
sified into two categories in time domain, that is, DC sensing and AC sensing. DC
magnetometry refers to detecting static or slowly varying magnetic fields, whereas
AC sensing regimes typically detect narrowband, time-varying signals of frequen-
cies up to 10MHz. The DC sensing conventionally employs ODMR, e.g. CW,
π-pulsed and the Ramsey technique. AC sensing is typically performed using the
spin-echo and numerous extensions to improve the T∗2 time by orders of magnitude
up to T1-limit [113, 114, 30, 64, 115, 116]. In addition, magnetometry based on
NV relaxation technique can also be employed for AC sensing [89, 117].

2.6.1 DC magnetometry

The most straightforward method of detecting a magnetic field with NV centers is
to take an ESR spectrum and extract the magnetic field information from the NV
resonance frequencies. As explained in Section 2.4, in the presence of a magnetic
field, the energy levels of |±1〉 spin states in the NV ground state are shifted due
to the Zeeman effect proportional to the projection of the magnetic field along the
NV axis. Subsequently, the |0〉 ↔ |±1〉 transitions are detuned in response to the
change of magnetic field which can be detected by monitoring changes in PL or
absorption as a function of MW frequency. The shot-noise-limited sensitivity of
an NV-magnetometer employing PL or laser light-absorption CW-ODMR is given
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by [22, 118]
ηCW = 4

3
√

3
h

geµB
∆ν

CCW
√
R
, (2.11)

where ∆ν is the linewidth, CCW is the contrast of CW-ODMR and R is the photon
detection rate. The prefactor 4

3
√

3 is linked to the steepest slope of the ODMR
lineshape assuming a Lorentzian profile [2, 22].

As can be seen from the Eq. 2.11, ηCW is essentially limited by the linewidth
∆ν, which suffers from the power broadening due to continuous optical and MW
excitation. Optimal CW-ODMR sensitivity is achieved approximately when op-
tical excitation, MW drive, and T∗2 contribute roughly equally to the ODMR
linewidth [22].

In addition to the CW scheme, ESR spectroscopy may also be performed us-
ing pulsed microwaves and light. This technique avoids optical and MW power
broadening of the spin resonances, enabling nearly T∗2-limited measurements. In
the π-pulsed ODMR protocol, the NV- spin state is first optically initialized to
|ms=0〉. Then a resonant MW π-pulse, which drives the NVs to ±1 states, is
applied and finally the population is optically read out. A change in the magnetic
field shifts the spin resonance with respect to the MW frequency, resulting in an
incomplete π-pulse and a change in the population transferred to the |ms = ±1〉
states. The sensitivity of the π-pulsed ODMR is expressed as: [22]

ηpulsed ≈
8

3
√

3
h

geµB
1

Cpulsed
√
R

1√
T ∗2

. (2.12)

Though CW/pi-pulse ODMR offers a simple realization of DC magnetometry,
the sensitivity is degraded due to several factors. A more sensitive DC-sensing
modality can be obtained with a Ramsey-based method discussed in the following.

Ramsey magnetometry is based on the coherent spin manipulation method dis-
cussed in the previous section. In this method, the spins interrogate the magnetic
field within a free precession interval. The free precession time of the Ramsey se-
quence is chosen for optimal sensitivity at a value close to the characteristic decay
time T∗2 of the NV centers. In the presence of a small DC magnetic field b, the
NV electron spin acquires some relative phase, φ ∝ (geµB/~)bτ . For τ ∼ T ∗2 , the
magnetic sensitivity in the case of the Ramsey method is given by [15]

ηRamsey ≈
h

geµB
1

CRamsey
√
R

1√
T ∗2

, (2.13)
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where CRamsey is the contrast in the readout of the Ramsey sequence. This tech-
nique is inherently insensitive to AC magnetic fields and therefore avoids MW
Fourier broadening, nonuniform ensemble driving, and hyperfine driving ineffi-
ciencies, which upgrades the magnetometric sensitivity with respect to that of
π-pulsed ODMR.

2.6.2 AC magnetometry

The Hahn-echo or spin-echo based sequence (introduced in the previous section)
plays a crucial role for AC magnetic-field sensing. The spin-echo sequence is
sensitive to AC fields whose frequency f matches the spin interrogation time,
f=1/(2τ), which allows to probe external oscillating fields. In the ideal case, the
photon-shot-noise limited sensitivity is [119]

ηecho ≈
π

2
h

geµB
1

Cecho
√
R

1√
T2
, (2.14)

where Cecho is the contrast in the readout of echo sequence. Comparing this with
the Eq. 2.13, since typically T2 >> T ∗2 , the sensitivity is improved by a factor of√

T2
T ∗

2
.

Another technique for enhancing NV- magnetic sensitivity is the application of
multi-pulse sequences [119]. These pulse sequences are unique to AC sensing as
they are intrinsically insensitive to DC fields. Basically they are extensions of the
spin-echo sequence with more than one π pulse, e.g. the Carr-Purcell-Meiboom-
Gill (CPMG) family of pulse sequences [120], the XY-, concatenated, and BB-n
families [121, 122]. An ultimate consideration in the application of multi-pulse se-
quences for enhancing AC magnetometry with NV-centers is that extension of the
T2 coherence time is eventually limited by the T1 time, beyond which increasing
the number of π-pulses is ineffective [2]. T1 times, however, can be improved by
reducing the temperature [110].

For the purpose of characterizing spin dynamics, spectroscopic information can
be obtained from processes affecting T1 times. This is because if a transition
frequency of an environmental spin approaches that of the NV spin, they will
exchange magnetization and their longitudinal spin relaxation rates will increase.
This enables the detection of environmental spins by monitoring changes in NV T1

times [83]. This method can be more sensitive because NV T1 times can be orders
of magnitude longer than spin-echo-based T2 times [116]. T1-based relaxometry
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as quantitative spectroscopy allows for nanoscale, all-optical, wideband magnetic-
resonance spectroscopy [123].

In the rest of this dissertation I will present and discuss a number of efforts to
demonstrate new realizations of DC magnetometry using NV centers in diamond,
with particular emphasis on MW-free technique with NV ensembles and ODMR-
magnetomery operated under zero ambient magnetic field.



Chapter 3

Microwave-free magnetometry based on
NV’s ground-state level anticrossing

This chapter introduces a novel regime to realize magnetometry with NV centers.
It includes content from previously published works [124, 27], and is republished
here with minor changes, with permission.

3.1 Abstract

We use magnetic-field-dependent features in the photoluminescence of negatively
charged NV centers to measure magnetic fields without the use of MWs. In par-
ticular, we present a magnetometer based on the level anti-crossing in the triplet
ground state at 102.4mT with a demonstrated noise floor of 6 nT/

√
Hz for the

first iteration, which is limited by the intensity noise of the laser and the perfor-
mance of the background-field power supply. The technique presented here can
be useful in applications where the sensor is placed close to conductive materials,
for example, in magnetic induction tomography or magnetic field mapping, and in
remote-sensing applications since in principle no electrical access is needed. In ad-
dition, we demonstrate detection of eddy-current induced magnetic field on metal
samples by implementing a cross-relaxation, microwave-free, magnetic detection
scheme. Compared to existing technologies, the demonstrated method exhibits
higher, sub-millimeter spatial resolution.
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3.2 Introduction

The negatively-charged NV center in diamond has emerged as a unique nanoscale
sensor with many interesting applications, and has been extensively researched
in the past years resulting in numerous technological breakthroughs. Employing
ESR techniques forms the basis for sensors to detect magnetic fields [125], temper-
ature [126, 127], strain [128], rotation [129, 130], electric fields [131], and quantum
geometrical phases [132]. In particular, the use of the ODMR technique [133] to
probe the magnetically sensitive ground state of the NV center has proven to be
a successful tool for sensitive magnetic field measurements, both with single and
ensembles of NV centers [125, 134, 107]. Realization of ODMR sensing protocols
typically involves green pump light for optical polarization of the NV centers, the
application of MW fields for the manipulation of their spin state, and an optical
readout step involving either detection of NV-photoluminescence (PL) [125] or ab-
sorption of 1042 nm radiation resonant with the singlet transition [12, 64, 135, 60].
The relevant energy levels can be seen in Fig. 2.4. When the applied MW fields
are resonant with the splitting of the magnetic sublevels in the ground state of the
NV-center, the transfer of spin populations results in an observable change in PL
or absorption.

There are cases where the use of strong MW fields proves to be detrimental to
the sensing protocol and therefore can prohibit the employment of an NV-based
sensor. An example is the detection of magnetic fields generated by eddy currents
in conductive materials in the context of magnetic induction tomography [136,
137, 138], which is later demonstrated in the publication [27], where the presence
of a conductive structure under examination will heavily affect the application of
MW to the diamond. Another example is magnetic field mapping of conductive,
magnetic structures [139].

There have been several demonstrations of MW-free, and all-optical, diamond-
based magnetic sensors, initially implemented with single NV centers attached to
scanning atomic force microscopes [68, 140, 141], and more recently with ensembles
of NV centers [139]. These MW-free magnetometric protocols have been realized
by exploiting either the properties of the NV-center’s PL or their decoherence
properties under the influence of external magnetic fields. In particular, one of
the main approaches exploits the properties of the NV-center PL in the strong
magnetic-field regime for all-optical magnetic field mapping. The basic operating
principle resides on the fact that under the application of a strong magnetic field
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(much stronger than any strain field within the diamond crystal), the transverse
magnetic-field components induce mixing of the NV-center spin states. Note that
this spin-mixing leads to modifications of the NV spin dynamics under optical
illumination, yielding a reduction of the ODMR contrast, which eventually ham-
pers ODMR-based magnetometric protocols. However, this reduction in contrast
is accompanied by an overall reduction of the NV-center PL, which can be ex-
ploited in an all-optical magnetic-field sensing and imaging protocol. So far, these
protocols remain either qualitative, requiring complicated setups to achieve high
spatial resolution, or lack high magnetic-field sensitivities and bandwidth.

An alternative approach exploits the decoherence properties of the NV-center.
The presence of high off-axis magnetic fields increases the amount of spin mix-
ing and results in a reduction of the longitudinal spin relaxation time (T1) [142].
This technique has been used to image weak fluctuating magnetic fields and to
characterize spin noise in ferromagnetic materials. More recently, an all-optical,
MW-free, spin-relaxation contrast magnetometer for the imaging of thin magnetic
films, with a temporal and spatial resolution of 20ms and 440 nm, respectively,
was realized [139].

In this work, we demonstrate the principles of a sensitive MW-free magnetometer
by exploiting the properties of the ground-state level anti-crossing of the NV center
in diamond. We note that the presented technique can be extended to other mag-
netically sensitive features in the NV-PL or absorption, as discussed later, as well
as features associated with other spin defects in solid-state systems. In particular,
for the NV center, a ∼102.4mT background magnetic field causes ground-state
Zeeman-sublevel degeneracy and mixing (the anticrossing), which is visible as a
drop in NV-PL under optical pumping. Any additional external magnetic field
will perturb the anti-crossing condition and, thus, result in a PL change that can
be monitored and used for sensitive detection of the perturbing magnetic field.

Using this technique, we demonstrate a MW-free magnetometer with a 6 nT/
√

Hz
magnetic field sensitivity, a bandwidth exceeding 300 kHz, and a projected 0.43 nT/

√
Hz

sensitivity limited by the photon shot noise of the PL detection [143].
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Figure 3.1: Schematic of the experimental setup. The diamond is placed
within a custom-made electromagnet and can be rotated around the z-axis.
The electromagnet can be moved with a computer-controlled 3D translation
stage (Thorlabs PT3-Z8) to align the magnetic field with respect to the dia-
mond. The laser light propagates through an acousto-optical modulator (AOM,
AA Electronics MT350-A0), part of which is monitored on a photodiode (PD,
Thorlabs PDA36A). The signal is input into a feedback controller (PID, SRS
SIM960) to stabilize the beam power. After the AOM, the beam is focused with
a 40mm focal-length lens into the diamond. The red/near-infrared NV-PL is
collected with a 30mm focal-length lens (numerical aperture ∼ 0.5) and focused
onto a PD (Thorlabs PDA36A). The PD signal is sent to the LIA.

3.3 Experimental setup for microwave-free
magnetometry

A schematic of the experimental setup is shown in Fig. 3.1. We used the sample F
in this experiment (See Appendix A for detailed characteristics). The resulting NV
centers are randomly oriented along all four crystallographic axes of the diamond.

The diamond is placed within a custom-made electromagnet [Fig. 3.1 (a)] and can
be rotated around the z-axis.The electromagnet produces 11.2mT/A; the current
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is provided by a computer-controlled power supply (Statron Typ 3257.1). The
electromagnet can be moved with a computer-controlled 3D translation stage to
align the magnetic field with the respect to the diamond. Additionally, it can be
rotated around the y-axis. Therefore, all degrees of freedom to place the diamond
in the center of the magnet and to align the [111] NV-axis parallel to the magnetic
field can be addressed and optimized.

A secondary coil with four turns is wound around the diamond mount to apply
small modulation of the magnetic field. The additional oscillating component Bm
is produced with the power-amplified output (amplifier: AE Techron 7224-P) of a
function generator (Tektronix AFG2021) that is also used as the local oscillator
(LO) for the lock-in amplifier (LIA, SRS 865).

The NV centers in diamond are optically spin-polarized with 220mW of 532 nm
light taken from a 12W laser (Coherent Verdi). The power is adjusted with a
half-wave plate (HWP) and a polarizing beam-splitter (PBS) cube. Before the
diamond, the light is sent trough an acousto-optical modulator to enable power
modulation. Part of the laser light is split-off and measured on a photodiode (PD).
The signal is input into a feedback controller to stabilize the beam power. After the
AOM, the beam is focused with a 40mm focal-length lens into the diamond. The
red/near-infrared NV-PL is collected with a 30mm focal-length lens (numerical
aperture ∼ 0.5). The collimated PL is separated from the green transmission with
a dichroic mirror and a band-stop filter for 532 nm light before it’s being focused
onto a PD. The PD signal is sent to the LIA and demodulated at the LO frequency
or measured at dc.

3.4 Microwave-free sensing technique

After initial alignment and calibration of the magnet, the field was scanned from
0mT to 120mT in 5 s and the PL was monitored. Figure 3.2 (a) shows the PL
measured with the PD as a function of the magnetic field. Figure 3.2 (b) shows
the corresponding LIA signal. The modulation frequency of the field was 100 kHz,
the modulation amplitude ∼0.1mT and the LIA time constant 30µs; 64 scans
were averaged.

Both plots contain several features previously discussed in the literature. The
initial gradual decrease in PL is associated with a reduction in emission of the
non-aligned NV centers due to spin-mixing [144]. The observed features around
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Figure 3.2: (a) NV-PL as a function of the applied magnetic field normalized
to the PL at 80mT. (b) Derivative signal of (a) as given by the in-phase output
(X) of the LIA. (c) Detail of the PL for fields around 51.4mT showing additional
features. (d) Detail of the PL for fields around the GSLAC at 102.4mT. The
data (red) weighted to ignore the side peaks are fitted with a Lorentzian function
(green). The residuals of the fit are shown in black.

51.4mT, [1-7 in Fig. 3.2 (c)] correspond to cross-relaxation events between the NV
center and single substitutional nitrogen (P1) centers [83, 144, 74]. The feature
at 60mT [9 in Fig. 3.2 (c)] is attributed to cross relaxation with NV centers that
are not aligned along the magnetic field [144]. The GSLAC, which is the primary
feature of interest in this work, appears at 102.4 mT [6 in Fig. 3.2 (d)]. Several
additional features are visible. They can be associated with cross-relaxation events
with either the nuclear spins of nearby P1 centers [2-5 & 7-10 in Fig. 3.2 (d)] [83,
144, 74] or nuclear spins of 13C atoms [1 in Fig. 3.2 (d)].
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The angles α and β between the NV-axis and the applied magnetic field need to
be precisely controlled [Fig. 3.1 (a)] within ∼1mrad [145]. Misalignment causes a
transverse field component which couples the mS = −1 and the mS = 0 mag-
netic sublevels, broadens the observed GSLAC feature, and therefore leads to a
reduction in magnetometric sensitivity. To optimize the GSLAC feature parame-
ters, the angles and the position of the magnet were aligned until a minimum full
width at half maximum of 1.2mT and an optimal contrast of 4.5% was observed
[Fig. 2 (a)& (d)].

An important characteristic of any magnetometer is the sensitivity to ac magnetic
fields. For example, in eddy-current sensing experiments oscillating magnetic fields
need to be detected. To document the capacity of the MW-free magnetometer to
detect these fields the background magnetic field is scanned around the GSLAC
feature while a small oscillating magnetic field (Bm ≈ 0.09mT) is applied at a
given frequency. The frequency is then stepped from 300Hz to 300 kHz (limited
by the bandwidth of the power amplifier). The PL is measured with a PD and
its oscillating component is read-out with the LIA. On the slopes of the GSLAC
feature the magnetometer is most sensitive to oscillating magnetic fields. An
example of such scan is shown in Fig. 3.3(a). For each frequency, the peak-to-peak
response signal of the LIA amplitude output (R) is recorded and normalized to
the oscillating current through the driving coil. This current is measured via its
voltage drop over a 8Ω resistor. Initially, the transfer function of the amplifier
was measured, and during the experiment coarsely compensated for by adjusting
the drive amplitude voltage. This way the current amplitude through the driving
coil was effectively the same for all frequencies.

Figure 3.3 (b) shows the peak lock-in amplitude as a function of the modulation
frequency. After an initial drop in the response to oscillating fields, the spectrum
appears essentially flat between 60 kHz and 300 kHz. The initial drop in the re-
sponse and the slight increase for higher frequencies can be attributed to mutual
inductance of the driving coil and the surrounding background field magnet as
well as induction in the aluminum magnet mount. Observation of the induced
current in the electromagnet is consistent with the frequency characteristics of
this feature.

Around the GSLAC feature, the derivative fluorescence signal as detected in the
properly phased LIA X-output depends linearly on the magnetic field and can
therefore be used for precise magnetic field measurements. The calibration signal
is shown in Fig. 3.4 (a); the modulation frequency (100 kHz), modulation amplitude
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Figure 3.3: (a) Example of the LIA amplitude output (R) for a modulation
frequency of 1 kHz. For noise reduction a moving average was applied to the
data. (b) Measurement of the frequency response of the magnetometer from
300Hz to 300 kHz.

(∼0.1mT), alignment and laser power were optimized to maximize the slope, and
therefore, the sensitivity of the magnetometer. The data near the zero-crossing are
fitted with a straight line to translate the LIA output signal into magnetic field.
Then the background magnetic field is set to the center of the GSLAC feature
(102.4mT) where the magnetometer is maximally sensitive to external magnetic
fields. Figure 3.4 (b) shows a time trace of the magnetometer response to a square-
wave-modulated magnetic field of ∼45µT peak-to-peak amplitude applied with an
additional external coil. The standard deviation of the data for a single step level
is 1.8µT (∼80msec, 4800 samples), so that the steps in the magnetic field can
be observed with a signal-to-noise ratio of 25. For noise measurements, the LIA
voltage output is recorded for 1 s and translated into magnetic field variations. A
fast-Fourier transform is performed to extract information of the magnetic field
noise. The data are displayed in Fig. 3.4(c) with the green pump-power stabiliza-
tion (red) and without it (green). For comparison, similar data are collected at
a magnetic field of around 80mT (blue). At this field, the setup is insensitive to
magnetic field variations and the data can be used to understand the technical
noise level of the magnetometer. The noise floor is flat and around 6 nT/

√
Hz .

The electronic noise floor without green pump light and therefore without PL
(black) is about 0.25 nT/

√
Hz .

Fundamentally, the magnetometer is limited by the shot-noise of the collected PL.
For the given setup, the photon shot-noise limit is calculated to be 0.43 nT/

√
Hz [143]

(resulting from 300µW of collected PL). However, this limit could be reduced
by orders of magnitude by maximizing the amount of emitted and collected PL,
possible by saturating the NV-PL and increasing the numerical aperture of the
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collection optics, respectively. The 1/f magnetic field noise in Fig. 3.4 (b) is at-
tributed to the main field power supply. In an actual device however, scanning
of the magnetic field would not be necessary, so that a small permanent magnet
with smaller magnetic field noise could be used. The frequency spikes at the line
voltage frequency and its higher harmonics are also attributed to the power sup-
ply. They are the dominating noise component in Fig. 3.4 (b). The roll-off for
frequencies above 3.5 kHz is a result of filtering by the LIA. The time-constant for
the measurements in Fig. 3.4 (c) was 300µs and the filter slope 24 dB/octave.
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Figure 3.4: Magnetometer noise characterization. (a) Detail of the GSLAC
feature around 102.4mT, fitted linearly. (b) Response of the magnetometer
to a square-wave magnetic-field modulation. (c) Noise of the magnetometer:
magnetically sensitive and pump intensity stabilized (red), magnetically sensi-
tive and pump not stabilized (green), insensitive to magnetic fields with pump
stabilized (blue) and electronic noise without the pump light (black).
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3.5 Eddy current detection with
microwave-free NV magnetometry

We now discuss an application of the presented MW-free sensing technique, that
is the detection of magnetic fields generated by eddy currents in conductive ma-
terials. Eddy currents are induced in conductive objects when an oscillating or
pulsed magnetic field is applied. These currents in turn produce a magnetic field
in response. A measurement of this field provides means to detect the eddy cur-
rents [138]. The induced field depends on the material’s properties and shape,
as well as the skin depth for the applied alternating field [27]. This has been
demonstrated with vapor-cell magnetometers [138] and is a standard technique in
industry with inductive coils. The detection of eddy currents with coils is an es-
tablished technique. The benefits of using NV centers could be the high spatial
resolution and the possibility to investigate highly conductive materials since the
magnetometer can sense oscillating fields down to DC.

The eddy-current detection should be realized without MWs, since, because of
the proximity to conducting materials, the amplitude and phase of the MWs are
affected and therefore the magnetometric performance would be deteriorated. For
this reason, the present work was carried out with a MW-free NV magnetome-
ter. As shown in Fig. 3.2, the photoluminescence of NVs changes as the applied
magnetic field increases. All the features in the plot, including the initial grad-
ual decrease (at fields from zero to ≈25mT), the NV-P1 feature, the NV-NV
interaction feature and the GSLAC, can be utilized to probe magnetic fields. As
investigated in Ref. [27], the initial gradual decrease of the NV PL is the most
robust to misalignment between the applied magnetic field and the preferential
NV axis among those features. Therefore, it is chosen to perform the eddy current
detection in this work.

The experimental setup is based on that shown in Fig. 3.1, with the addition of
a driving coil to induce eddy currents. In order to create a conductivity image,
the sample is mounted onto a three-dimensional- (3D-) translation stage. Taking
advantage of the high bandwidth and spatial resolution of the NV-based mag-
netometer, we are able to image intricate structures on printed circuit boards
(PCBs), such as that shown in Fig. 3.5.

Figure 3.5 shows the amplitude and phase response of the magnetic field sensor
caused by thin copper fringes on a PCB. The sample includes 8mm tall copper
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Figure 3.5: Eddy-current imaging with NV centers in diamond. Amplitude
(up) and phase (down) response of a copper sample for calibration of spatial
resolution. The optical image of the sample can be seen at the top of the figure.

columns with varying lengths, thickness of 35µm, separated by a distance of 1mm.
The width of the columns from left to right is 2mm, 1mm, 0.5mm, 0.2mm, 0.1mm
0.05mm and 0.02mm. We see in both the amplitude and phase response that our
sensor can detect column widths down to 0.2 mm which sets our spacial resolution
to 200µm. The spatial resolution is limited by the thickness of the diamond
sample which is d=350µm. The thickness of the diamond sets the minimum
distance between the sensor and sample.

For eddy-current detection, a broad bandwidth is important. When a conductive
sample is placed next to an oscillating magnetic field source, there is a wave pen-
etrating the material. This wave generates the eddy-currents. The penetration
depth of the wave is inversely proportional to its frequency and changes according
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to the conductivity of the material. When the penetrating depth matches the
thickness of the material then the signal is maximized. With high bandwidth we
are able to image thinner and less conductive materials. It is demonstrated that
with the presented MW-free technique, our sensor exhibits a large bandwidth,
from 0 up to 3.5MHz, and high spatial resolution. In combination with high
sensitivity, this MW-free magnetometer with NV centers could be used for bio-
magnetic applications, for example, to distinguish between healthy and unhealthy
tissues [146].

3.6 Conclusion

In conclusion, we demonstrated a MW-free, NV-center based magnetometer with
a 6 nT/

√
Hz noise floor and a bandwidth up to 3.5MHz. This device can be

useful in applications where it is inappropriate to perform MW spectroscopy with
the NV centers. One such a case is when the diamond-based sensor is placed in
proximity to conductive objects, and as such, is of particular relevance for spatially
resolved conductivity measurements in the context of non-destructive evaluation.
The ability of the present technique to detect nuclear spins [seen as side-features
near the GSLAC peak, such as in Fig. 3.2 (d)] with high signal-to-noise ratio
enables applications in sensing spins both within, and external to, the NV centers.
If a layer of shallow-implanted NV-centers is used, spins external to the diamond
can be probed.

Future investigations will involve a thorough study of the lineshape and width of
the signal near the GSLAC, as well as of the additional features around it, with the
aim of understanding the fundamental sensitivity and bandwidth limitation [147]
of our sensing protocol. In addition, combination of the presented MW-free mag-
netometer with an absorption-based protocol will allow for magnetic field sensing
with a sensitivity potentially exceeding the PL shot noise limit [135, 60].

Author contribution:

The main part of this chapter focuses on the novel realization of NV-based mag-
netometer in Ref. [124]. Dr. Arne Wickenbrock and I participated in conceiving
the idea for the MW-free magnetometer. I led the experimental implementation,
developed the back-end analysis, designed and performed the experiments and
co-wrote the paper, with considerable input from other authors.
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The eddy current detection [27] presented in Section 3.5 was undertaken jointly
with Georgios Chatzidrosos and Dr. Arne Wickenbrock. Georgios led the design
and implementation of the magnetometer. Georgios, Arne, and I participated in
performing experiments, analyzing the data, and writing the paper. All co-authors
commented on the manuscript.





Chapter 4

Sensitivity optimization of
level-anticrossing magnetometry

This chapter includes content from the previously published works [148, 149] which
are republished here with minor changes, with permission.

4.1 Abstract

As discussed in the previous chapter, the magnetic-field dependent features in the
photoluminescence around the GSLAC of NV− centers in diamond can be em-
ployed for magnetic-field sensing. This chapter first discusses theoretical studies
on the GSLAC and approaches to improve the sensitivity. To gain understand-
ing on the GSLAC, the spin dynamics involving the hyperfine energy levels near
the GSLAC is studied. A theoretical model that describes level mixing, tran-
sition energies, and transition strengths between the ground-state sublevels, in-
cluding the coupling to the nuclear spin of the NV center's 14N and nearby 13C
atoms, is developed. The transitions and therefore energy levels are detected via
ODMR spectra around a background magnetic field of 102.4mT by applying ra-
diowaves/microwaves in the frequency ranges from 0 to 40MHz and from 5.6 to
5.9GHz. Additionally, the dependence of the GSLAC-feature parameters on align-
ment of external fields to the NV axis is experimentally investigated. Finally, the
microwave-free sensing protocol is extended to the absorption regime via detection
of the GSLAC feature in the transmission of a 1042 nm laser beam. With technical
optimization, we demonstrate more than one order of magnitude improvement in
the magnetic sensitivity, a magnetic noise limit of 450 pT/

√
Hz .
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4.2 Introduction

Magnetic-field sensing is of importance in many applications in fundamental physics,
biology, and materials science. Using the negatively-charged NV center in diamond
is attractive due to its high magnetic sensitivity at ambient conditions for a given
sensing volume [16, 17, 125, 150, 151]. In Ch. 3, we demonstrated a novel MW-free
magnetometric protocol based on optical detection of the NV-center’s ground-state
level anticrossing [124]. Applying a ∼102.4mT background magnetic field causes
an avoided crossing between some of the NV ground-state Zeeman-sublevels, re-
sulting in spin-population transfer, which is observable as changes of the NV-PL
or 1042 nm-light absorption.

To optimize the sensitivity, it is crucially important to know in detail the energy
level structure of the NV center, involving the hyperfine structures which arise from
the interactions of the electron spin with nearby spins in the local environment,
e.g. the nuclear spin of the intrinsic nitrogen atom. Near the magnetic field
values at which magnetic sublevels of the NV’s ground state cross or have avoided
crossings, those interactions lead to strong hyperfine level mixing and alter the
transition probabilities that involve the levels being mixed. We explore avenues
towards magnetometric improvement. We investigate the GSLAC lineshape as
a function of nitrogen concentration, [N], and magnetic field alignment, and, for
the first time, we implement a magnetometer based on the GSLAC feature in
absorption of the singlet transition 1E → 1A [Fig. 2.4]. In addition, in order to
exclude magnetic field gradient-related broadening, we compare our results to
those of an experiment in Riga, employing a comparable diamond in a highly
homogeneous magnet.

In order to understand the energy levels of NV centers in the vicinity of the
GSLAC, we use the ODMR technique to investigate |ms = 0〉 −→ |ms = ±1〉
electron spin transitions and study the hyperfine levels. We calculate the level
structure of these electron-spin states and the microwave-field-induced transition
between these levels. We then use a parameter-optimization procedure to fit the
experimentally measured curves with the results of the theoretical calculation.
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Figure 4.1: (a) Levels of the NV center’s electron-spin magnetic sublevels
in the ground state. The energy levels of the | ± 1 > states split up with
increasing external field. (b) Hyperfine energy levels at the GSLAC, denoted
on the basis (|ms,mI〉). The degree of mixing near the GSLAC (denoted by
the dashed ellipses) is indicated by the relative admixture of the colors in each
curve; the lines corresponding to unmixed states do not change color. The
manifold associated with the spin projection |ms = 1 > is not shown, as it lies
about 6 GHz above the manifold spanned by |ms = 0 > and |ms = −1 >.

4.3 Hyperfine level anticrossings in NV centers
in diamond

The NV center has an electron spin S = 1 in the ground state, as shown in Fig. 2.4.
In the absence of an external magnetic field there is an energy splitting between
the NV ground-state magnetic sublevels of |ms = 0〉 and |ms = ±1〉 due to spin-
spin interaction [152]. The degeneracy of the ms = ±1 levels can be lifted with
the application of an external magnetic field along the NV symmetry axis [123].
In the presense of an external field B, the magnetic sublevels of the electron spin
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acquire additional energy equal to

Ems = γeBms, (4.1)

where B is the magnetic field amplitude projected along the NV axis.

Due to hyperfine interactions with nearby spins, the energy levels of NVs are
further split. In particular, the nucleus of the nitrogen atom associated with the
NV center interacts with the NV electron spin. The majority (99.6%) of these
nitrogen nuclei are 14N whose nuclear spin is I = 1. Furthermore, some (∼ 1.1%)
of the nearby carbon atoms are 13C with nuclear spin I=1/2. The interactions
between the NV center and nearby P1 centers are not considered here.

The Hamiltonian for the NV center in its ground state involving the hyperfine
interactions with nuclear spins of the intrinsic 14N and nearby 13C can be written
as [74]:

Ĥ = Hel +H14N +H13C, (4.2)

whereHel decribes the ground state of the NV center with electron spin S (Eq. 2.4);
H14N describes the nucleus spin I of the 14N nucleus (Eq. 2.6), via the diagonal
hyperfine-interaction tensor A14N, defined as Eq. 2.5 in Ch. 2. H13C describes 13C
nuclei with nuclear spin Jj and the interaction of 13C nucleus and the NV center
(Eq. 2.8). The last term requires special consideration, since the strength of the
relevant interaction depends on the distance between the NV center and the 13C
nucleus or nuclei and their relative orientation. In this section, we will describe
the calculation of the energy levels and interaction strengths omitting the H13C

terms.

An energy-level crossing between |ms = 0〉 and |ms = −1〉 occurs when the Zeeman
splitting compensates the zero-field splitting, which happens at a magnetic field
value of Dgs/γe ≈102.4 mT [see Fig. 4.1(b)]. Owing to the hyperfine interaction
(Eq. 2.6), some of the hyperfine energy levels exhibit avoided crossings, marked by
dashed circles in Fig. 4.1(c).

The energy spectrum of the NV electronic ground state near the GSLAC can be
extracted by solving for the eigenvalues of the spin Hamiltonian. The contribution
of the |ms = +1〉 sublevel and its hyperfine components can be plausibly ignored
when calculating the eigenvalues and eigenvectors of the |ms = 0〉 and |ms = −1〉
hyperfine components near the GSLAC since the |ms = +1〉 sublevel is separated
from the other two by an energy corresponding to ≈ 6GHz. The energies Ei of



Hyperfine level anticrossings in NV centers in diamond 51

these components are

E1 = Q, (4.3a)
E2 = Dgs +Q+ A‖ − γeB, (4.3b)

E3 = 1
2

(
Dgs +Q− A‖ − γeB −

√
4A2
⊥ + (Dgs +Q− A‖ − γeB)2

)
, (4.3c)

E4 = 1
2

(
Dgs +Q− A‖ − γeB +

√
4A2
⊥ + (Dgs +Q− A‖ − γeB)2

)
, (4.3d)

E5 = 1
2

(
Dgs +Q− γeB −

√
4A2
⊥ + (Dgs −Q− γeB)2

)
, (4.3e)

E6 = 1
2

(
Dgs +Q− γeB +

√
4A2
⊥ + (Dgs −Q− γeB)2

)
, (4.3f)

E7 = Dgs +Q+ A‖ + γeB, (4.3g)
E8 = Dgs +Q− A‖ + γeB, (4.3h)
E9 = Dgs + γeB. (4.3i)

The wave functions can be written in the uncoupled basis |ms,mI〉 as follows:

|ψ1〉 = |0, 1〉, (4.4a)
|ψ2〉 = | − 1,−1〉, (4.4b)

|ψ3〉 = 1
|α1|
| − 1, 1〉 − 1

|α1|

(
κ1 +

√
κ2

1 + 1
)
|0, 0〉, (4.4c)

|ψ4〉 = 1
|α1|
| − 1, 1〉 − 1

|α1|

(
κ1 −

√
κ2

1 + 1
)
|0, 0〉, (4.4d)

|ψ5〉 = 1
|α2|
| − 1, 0〉 − 1

|α2|

(
κ2 +

√
κ2

2 + 1
)
|0,−1〉, (4.4e)

|ψ6〉 = 1
|α2|
| − 1, 0〉 − 1

|α2|

(
κ2 −

√
κ2

2 + 1
)
|0,−1〉, (4.4f)

|ψ7〉 = |1, 1〉, (4.4g)
|ψ8〉 = |1,−1〉, (4.4h)
|ψ9〉 = |1, 0〉, (4.4i)

where

κ1 = Dg +Q− A‖ − γeB
2A⊥

, (4.5a)

κ2 = Dg −Q− γeB
2A⊥

(4.5b)
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and

|α1,2| =
√(

κ1,2 +
√
κ2

1,2 + 1
)2

+ 1 . (4.6)

At magnetic fields farther away from the GSLAC, these eigenstates have well-
defined spin projections along the z axis. Near the GSLAC, the perpendicular
components of the hyperfine coupling with the intrinsic nitrogen, A⊥, induce a
mixing of some of the z-basis states. This effect is substantial when the energy
gap between interrogated states becomes on the order of A⊥ [123].

In the case of the 14NV center, the states ψ1 and ψ2 do not mix, as they have no hy-
perfine coupling to any other state [123, 153] and, as such, they remain eigenstates.
The rest of the NV states are mixed: that is, the eigenstates are superpositions
of z-basis states, creating an avoided crossing, marked by the dashed circles in
Fig. 4.1 (c).

4.4 Experiments

The following experiments were conducted on three different setups, two in Mainz
and one in Riga.

A combined schematic of the experimental setups in Mainz is shown in Fig. 4.2;
one setup is fluorescence-based and allows us to perform measurements on different
samples with complete and precise control over all degrees of freedom in alignment,
while the other is an absorption-based magnetometer. In both setups, the NV
centers in the diamond samples are optically spin-polarized with power-stabilized
532 nm light provided by a diode-pumped solid-state laser (Coherent Verdi V10).
Details of the optical and electrical components in the fluorescence-detection setup
can be found in Ref. [124]. In the absorption-detection setup, 1042 nm light used
to probe the singlet transition is delivered with a fiber-coupled extended-cavity
diode laser (Toptica DL Pro) which is locked to an optical cavity [21]. This cavity is
formed by a spherical mirror and a diamond sample with appropriate coating that
serves as the other mirror. The absorption-magnetometry method and the related
setup are based on a cavity-enhanced NV magnetometer [135] and a more detailed
description of the current experimental improvements is presented in Ref. [21].
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Figure 4.2: Schematic of the experimental setup with both the fluorescence
and absorption detection. AOM: acousto-optic modulator, PID: proportional-
integral-derivative controller, LIA: lock-in amplifier, LO: local oscillator, PS:
power supply.

The diamond samples in both setups are placed within custom-made electromag-
nets of the same build. They have about 200 turns in a 1.3 cm thick coil with a
5 cm bore, are wound on a water-cooled copper mount, and produce a background
field of 2.9mT per ampere. For a field of 120mT, approximately 1.8 kW thermal
power are dissipated. The current is provided by a computer-controlled power
supply (Keysight N8737A).

In the fluorescence-detection setup, the diamond can be rotated around the z-axis
[Fig. 4.2(b); angle α]. Moreover, the electromagnet can be moved with a computer-
controlled 3D translation stage (Thorlabs PT3-Z8) and a rotation stage (Thorlabs
NR360S, x-axis) [Fig. 4.2(b); angle β]. Therefore, in this setup, all degrees of
freedom for placing the diamond in the center of the magnet and aligning the NV
axis parallel to the magnetic field can be addressed with high accuracy.

In the absorption-based setup, the electromagnet is mounted on a manual 3D
translation stage. An additional secondary coil (15 turns, gauge 22 wire, inner di-
ameter of 12.5mm) is used to apply a small magnetic field modulation, Bm, to the
background field that allows for phase sensitive detection for magnetometric mea-
surements. Its current is supplied by a function generator (Tektronix AFG2021),
which also acts as the local oscillator (LO) for a lock-in amplifier (LIA; SRS 865).
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The fluorescence-detection setup in Riga employed a custom-built magnet initially
designed for electron paramagnetic resonance (EPR) experiments. It consists of
two 19 cm-diameter iron poles with a length of 13 cm each, separated by a 5.5 cm
air gap. This magnet provides a highly homogeneous field. The diamond sam-
ple under investigation is held in place using a non-magnetic holder, allowing for
alignment of the NV axis to the applied magnetic field. 532 nm light (from a
Coherent Verdi laser) is delivered to the sample via a 400µm diameter core op-
tical fiber (numerical aperture of 0.39). The same fiber is used for PL collection,
which is spectrally separated from the residual green reflections with a long-pass
filter (Thorlabs FEL0600) and focused onto an amplified photodiode (Thorlabs
PDA36A-EC). The signals are recorded and averaged on a digital oscilloscope
(Agilent DSO5014A).

Several diamond samples were used for the experiments reported in this chapter
(See Appendix A for characteristics of all samples used in this thesis). Sam-
ple A was used in the PL-detection setup in Mainz, sample E was used in the
absorption-detection setup and sample G was used in the PL-detection measure-
ments performed in Riga.

4.5 Results and discussion

4.5.1 ODMR spectra for the |ms = 0〉 −→ |ms = +1〉 transitions

Figure 4.3 shows ODMR spectra for transitions in the frequency range 5.6-5.9 GHz,
where the MW field is on resonance with transitions from the mixed ms = 0 and
ms = −1 levels, to the ms = +1 levels [see Fig. 4.1 (b)]. Experimentally obtained
signals are shown together with curves obtained from a model calculation. Some
parameters of this model were obtained from a fitting procedure as explained
below. Figures 4.3 (a)–(c) depict magnetic sublevels at a given magnetic field. In
those figures, the allowed MW transitions are indicated with arrows. The wave
functions |ψ1〉–|ψ9〉 are given in Eq. (4.4). The middle row [Fig. 4.3 (d)-(f)] shows
the experimental signals for the sample A, and the bottom row [Fig. 4.3 (g)-(i)]
shows the signals for the high-density diamond sample F.

We used a parameter-optimization procedure based on a χ2 test to determine
the contribution of each transition in Fig. 4.3 (a)–(c) to the overall lineshapes in
Fig. 4.3 (d)–(i). The reduced χ2 value is defined as χ2 = (1/N)Σ[(di − fi)/σi]2,
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where N is the number of points, di are the measured data, fi are the results of the
model, and σi are the mean square errors on the measured data. In Fig. 4.3 (d), the
spectra were recorded at a magnetic field magnitude about 0.9mT away from the
GSLAC field. In this situation, the energy gap between |0 > and |−1 > is ten times
larger than the parameter A⊥, so the mixing of the sublevels is insignificant. As a
result, the following transitions are expected: |0, 1〉 −→ |1, 1〉 (blue), |0,−1〉 −→
|1,−1〉 (purple), and |0, 0〉 −→ |1, 0〉 (green). We assumed that each transition has
a Lorentzian lineshape centered at its respective transition frequency, which follows
from the differences in level energies in Eq. (4.3). The transition probabilities for
these three transitions are equal, which is indicated by the fact that all three arrows
have the same width. Nevertheless, the relative contributions (peak amplitudes)
of each transition differ because of differences in the populations of the three
ground states involved: |0,+1〉, |0, 0〉, and |0,−1〉, corresponding to nuclear spin
polarization of 14N, as predicted in Ivády et al [154].

Next we derive the spin temperature β and magnetic field value B that minimized
the reduced χ2 value for the hypothesis that the theoretical model with these
parameters describes the measured data. To calibrate the magnetic field, a curve
for B as a function of the magnet current is obtained by fitting the transitions
frequencies to the applied electromagnet current at low fields. Indeed, the fitted
peak positions at each point produced a straight line as a function of current in
the magnet coil that is extrapolated through the region near the GSLAC point.

In the fitting process, the nuclear spin temperature β and linewidth are allowed to
vary. In addition, the magnetic field valueB in the fit is allowed to vary over a small
range far away (> ±0.5 mT) from the GSLAC-corresponding field. For each set of
parameters β and B, we calculate the corresponding populations of the eigenstates
in (4.4). We obtain the transition strengths from the calculated eigenvalues of these
states. The amplitude of each transition peak is simulated, and thems = +1 states
are assumed to be “empty”. Then we use the SciPy optimization function [155] to
determine the widths of the Lorentzians corresponding to each of the peaks, each
one of which corresponds to a component of the hyperfine transition. This step
was important because the width of the Lorentzians for sample A is around 1 MHz,
and the peaks of nearby hyperfine components partially overlap. We assumed that
all hyperfine components at a particular field strength had the same width. At the
GSLAC the width of the Lorentzians increases due to increased relaxation rates
arising from increased interaction between the hyperfine levels [74].
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Figure 4.3: ODMR spectra at high MW field frequencies. The top row (a)–(c)
shows calculated transitions [Eqn. (4.4)]. The transition strength is indicated
by the arrow width. In the middle row (d)–(f), the black lines show the ex-
perimental data, and the red lines in (d)–(f) show the results of the theoretical
modelling with the parameters from the fitting procedure described in the text
for sample A. The bottom row (g)–(i) shows the corresponding results for sam-
ple G. The vertical bars in (d)–(i) correspond to the transitions depicted by
the arrows in (a)–(c) of the same color, and their length determines the contri-
bution to the overall lineshape of that transition, which is proportional to the
product of the level population and the transition strength.

The χ2 is calculated iteratively a maximum 1000 times and reduced to its smallest
value. The peak amplitudes obtained via this χ2 minimization are shown as the
length of the colored bars in Fig. 4.3. The color of each bar corresponds to the color
of the arrow that represents the corresponding transition in Fig. 4.3 (a). Near the
GSLAC, there are more possible transitions that should be considered as a result
of hyperfine level mixing [which follows from Eqn. (4.4)–(4.6)]. The number of
possible transitions and their relative transition strengths are indicated by the
number of arrows in Fig. 4.3 (b) and the widths.
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Figure 4.4: ODMR spectra at low MW field frequencies. The top row (a)–(c)
shows the transitions between the respective levels [Eqn. (4.4)]. The transition
strength is indicated by the arrow width. In the middle row (d)–(f), the black
lines show the experimental signals and the red lines in (d)–(f) show the results
of the theoretical calculations with the parameters from the fitting procedure
described in the text for the sample A. The bottom row (g)–(i) shows the
corresponding results for the sample G. The dashed red lines in (e) and (h)
show the calculated signal for an angle between the NV axis and the magnetic
field B of θ = 0.015◦. In (d), (f), (g), and (i) there is no noticeable difference
between calculated signals for θ = 0◦ and θ = 0.015◦

4.5.2 ODMR spectra for the |ms = 0〉 −→ |ms = −1〉 transition

We also measured ODMR spectra for the |ms = 0〉 −→ |ms = −1〉 transition
within ±1.5 mT of the GSLAC, which corresponds to MW frequencies below
40 MHz, some of which are shown in Fig. 4.4. Experimental data are plotted
together with simulated signals from a model calculation using parameters that
were obtained in a similar way as in Sec. 4.5.1. The top row (a)–(c) shows the
magnetic-sublevel structure in a particular magnetic field with the allowed tran-
sitions depicted by arrows whose width indicates the relative transition strength.
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The middle row (d)–(f) shows the measured signals for the sample A, and the bot-
tom row (g)–(i) shows the corresponding signals for sample G. Again, above and
below magnetic fields corresponding to the GSLAC, the signals consist of three
components, which correspond to the allowed transitions between hyperfine levels
that are weakly mixed in the magnetic field. At the GSLAC, more transitions are
taken into account, as indicated by the number of arrows in Fig. 4.4 (b). About
0.25mT away from the GSLAC, the agreement between measured and calculated
curves is quite good. However, right near the GSLAC there are some discrepancies
in the amplitudes of the peaks. These discrepancies are obvious in sample G, for
which the model essentially fails at the GSLAC. Possible reasons for the discrep-
ancies might be inhomogeneities in the MW power, in the diamond crystal lattice
or in the magnetic field, or interactions with other nearby spins, for example, 13C
nuclei or P1 centers.

Figures 4.5 (a) and (b) show in more detail ODMR spectra measured near the
GSLAC for the |ms = 0〉 −→ |ms = −1〉 transition, and Fig. 4.5 (c) shows signals
measured for the |ms = 0〉 −→ |ms = +1〉 transition in sample A. The black curve
shows the measured signals, while the red curve represents the calculated results
of the theoretical model. The experimental data in Fig. 4.5 (a) and Fig. 4.5 (b) are
identical, but for the calculated curves, the NV axis and the magnetic field vector
were assumed to be parallel in the former case, and misaligned by an angle of 0.015
degrees in the latter case. This angle was found to give a better overall agreement
between the experimentally measured values and the theoretical results. This is
because the transverse field may induce spin-state mixing and it is practically quite
difficult to perfectly align the magnetic field with the NV axis in the experiment.

In all these experimental data, the overall peak intensities were normalized sep-
arately for each magnetic field value, because at the GSLAC, the contrast of the
signals decreased dramatically, as shown in Fig. 4.5. The decrease in contrast near
the GSLAC is caused by energy-level mixing, which affects the relative population
between the |ms = 0〉 and the |ms = −1〉 levels.

The peak amplitudes from the fit in Fig. 4.4(d)–(f), Fig. 4.5, and Fig. 4.3 (d)–(f)
contain information about the relative populations of the ground-state hyperfine
levels and thus the nuclear spin polarization [34, 76, 78, 79, 154, 156, 157, 158, 159].
Nuclear spin polarization arises from an interplay of optical pumping and sublevel
mixing. For example, Fig. 4.1 (c) shows how the |ms = 0,mI = −1〉 sublevel is
mixed with the |ms = −1,mI = 0〉 sublevel near the GSLAC, where they are nearly
degenerate. Optical pumping in this situation tends to move population from the
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Figure 4.5: Experimental signals (black) obtained with sample A with the-
oretical calculations (red) for ground state ms = 0 −→ ms = −1 microwave
transitions for different magnetic-field values. Experimental signal and the cal-
culated signal for an angle between the NV axis and the magnetic field B
of (a) θ = 0◦ and (b) θ = 0.015◦ (transverse magnetic field 0.025 mT). (c)
Experimental signal with the calculated signal at θ = 0◦ for ground state
ms = 0 −→ ms = +1 microwave transitions for different magnetic-field val-
ues. Bars with black dots on one end are placed at the values of the transition
frequencies for a specific magnetic-field value, and their length represents the
calculated transition probability. For better readability, signals are arranged
in order of descending magnetic field, and each curve is normalized separately
with its relative intensity depicted at the right side of the graph. The grey lines
show how the energy and the intensity of the transitions change in the magnetic
field.

|ms = 0,mI = −1〉 to the |ms = 0,mI = 0〉 sublevel via the |ms = −1,mI = 0〉
sublevel. In a similar way, because of the mixing between the |ms = 0,mI = 0〉
and the |ms = −1,mI = +1〉, population is transferred from the |ms = 0,mI = 0〉
to the |ms = 0,mI = +1〉 sublevel via the |ms = −1,mI = +1〉 sublevel. However,
the |ms = 0,mI = +1〉 sublevel is not mixed with any sublevel, and so the
population accumulates in this state.
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4.6 Approaches to improve magnetic
sensitivity

Here we present a systematic investigation of relevant parameters in level anti-
crossing magnetometry with NV centers towards highly sensitive magnetic field
measurements. For a level anticrossing based magnetometry protocol, the attain-
able photon-shot-noise-limited magnetic field sensitivity is proportional to [135]:

δB(T/
√

Hz ) ≈ 1
γ/2π

∆νmr

C
√
R
, (4.7)

where |γ/2π| ' 28.024 GHz T−1 is the gyromagnetic ratio of the electron spin, and
R is the rate of detected photons in either PL or absorption measurements. The
quantities ∆νmr and C are the full width at half maximum (FWHM) linewidth and
contrast of the GSLAC feature, respectively. It follows that, for a given photon-
collection rate R, to achieve the highest magnetic field sensitivity, the ratio of
contrast to linewidth needs to be maximized.

In Fig. 4.6 we present normalized PL and absorption measurements as a function
of the background magnetic field following an initial alignment of the electromag-
net. This figure gives an overview of the changes in contrast and linewidth of the
observable anticrossing features for all the samples listed in TableA.1. The mag-
netic field for sample A and sample E is scanned from 0 to 110mT in 10 s, and the
presented signal is the average of 64 traces. The magnetic field of the EPR mag-
net in Riga is scanned in 100 s from 0 to 120mT, and the presented signal is the
average of 35 traces. The PL data using sample F are taken from Ref. [124]. The
presented traces contain several features extensively discussed in past[144, 83, 74]
and more recent[74, 124, 160] works. In particular, the initial gradual decrease in
the observed signals is associated either with a reduction in PL emission (samples
sample A, sample G, sample F; Fig. 4.2), or with an increase in absorption (sample
E; Fig. 4.2) from the non-aligned NV centers due to spin-mixing. When a mag-
netic field is applied orthogonal to the NV-axis, it mixes the Zeeman sublevels.
This reduces the effect of optical pumping, and thus, decreases the population in
the 3A2 ms=0 spin state and increases the population of the metastable singlet
state. Around 51.2mT, the observed features for sample F, E and G correspond to
cross-relaxation between the NV centers and substitutional nitrogen (P1) centers.
We note here, that, for the most dilute sample used in this work (sample A) we
observe a significantly different structure. At a field of 51.2(1)mT (calibrated with
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MW-spectroscopy measurements which are not shown here), we observe a small
drop in PL (contrast 0.05%) that could be attributed to the excited state level-
anticrossing (ESLAC) of the NV center. Detailed investigation of its origin will be
the subject of future work. The feature at 60mT is attributed to cross relaxation
with NV centers that are not aligned along the magnetic field [124, 144, 160].

Figure 4.6: Traces of photoluminescence (solid) and absorption (dotted) sig-
nals for different diamond samples as a function of the applied magnetic field,
normalized to their respective signals at 80mT. For better visibility the traces
have been offset as is indicated by the dotted lines. The observed contrasts
are shown explicitly for the GSLAC feature for the different traces. The inset
shows a detailed view on the sample A trace around 51.2mT. The properties
for the diamond samples are listed in the TableA.1

At ∼102.4mT, we observe the feature attributed to the GSLAC of the NV center.
Several additional features are visible, however, here, we focus on the contrast
and linewidth of the central component due to their relevance for magnetometry
applications (see Eq. 4.7). Finally, we tried to rule out magnetic field gradients as
the limitation of the GSLAC-feature width as reported before for sample F [124].
Therefore, a diamond with a comparable NV density (sample G) was investi-
gated in a highly homogeneous EPR magnet in Riga. However, due to alignment
constraints, the results were inconclusive. As mentioned in the previous section,
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transverse fields may play a role in the GSLAC feature and deteriorate the mag-
netic sensitivity.
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Figure 4.7: (a) GSLAC fluorescence contrast of diamond sample A as a func-
tion of the applied magnetic field at different angles (β) to the NV axis. (b)
GSLAC FWHM width (blue dots) and contrast amplitude (amber dots) as a
function of misalignment angle (x-axis). The experimental data are represented
with dots, and the fits with solid lines.

In Fig. 4.7, we present PL-based measurements investigating the dependence of
the GSLAC-feature lineshape on magnetic field alignment for the dilute sample
A, which displays the narrowest linewidth, as seen in Fig. 4.6. In particular, the
angles α (z-axis) and β (y-axis) between the NV-axis and the applied magnetic
field are controlled with a precision better than 0.01 degrees. Following an ini-
tial alignment optimization of both angles towards minimal GSLAC linewidth, we
record traces of the feature as a function of the angle β. Figure. 4.7 (a) shows three
examples of the recorded traces for different values of β. The data are then fit-
ted with a Lorentzian function to extract the GSLAC feature’s FWHM linewidth
and contrast amplitude. The resulting data are displayed in Fig. 4.7 (b). While
decreasing β from large misalignment angles (|β| > 0.1degrees), the linewidth
reduces linearly towards a minimal value of ∆νmr = 0.46(2)mT. The contrast am-
plitude, however, stays constant and then sharply decreases to less than 65% of
its value for large misalignment. The contrast-amplitude data are presented in
Fig. 4.7 (b), and are fitted with a Lorentzian function, yielding a FWHM width
for the observed feature of 54(4)×10−3 degrees. This observed feature, resulting
from a misalignment angle between the magnetic field and the NV-axis, can be
translated into a transverse magnetic field-component of 97(7)µT in magnitude.
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This behavior can be interesting for applications of transverse magnetic-field sens-
ing (similarly to the work presented in Ref. [123]), which we will discuss in the
following chapter. For longitudinal magnetic field sensing however, this effect is
undesirable.
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Figure 4.8: (a) Transmission signal of 1042 nm light through the resonant op-
tical cavity utilizing sample E, as a function of applied magnetic field, and nor-
malized to the measured transmission at zero-field. The three traces presented
correspond to different pump-light powers. (b) Detail of the magnetic-field scan
around the GSLAC feature for different pump-light powers normalized to the
background transmission at 80mT. (c) GSLAC-feature contrast amplitude as
a function of pump-light power.

Due to the different angle dependence of the GSLAC feature width and the contrast
amplitude, it appears that the sensitivity has a local minimum for optimum angle
alignment (β = 0) and a maximum for a non-zero angle of |β| = 0.01degrees. At
this angle, the amplitude of the GSLAC feature is highly sensitive to transverse
magnetic fields, as well as to mechanical angle fluctuations which will appear as
an additional (non-magnetic) noise source.
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In Fig. 4.8, we present transmission measurements of 1042 nm light propagating
through a cavity-enhanced absorption-based magnetometer utilizing sample E,
as a function of the applied background magnetic field and of the 532 nm pump
power. For the measurements presented in Fig. 4.8 (a), (b), & (c), the 532 nm light-
beam spot-size and 1042 nm light-beam spot-size on the diamond were similar and
approximately equal to ∼50µm. In Fig. 4.8 (a) & (b), we present three examples
of the recorded traces for three different values of 532 nm light power. While
we observe a similar behavior and features as in the PL-detection measurements
(see Fig. 4.6 and the preceding discussion), a different initial signal drop, as well
as, different GSLAC contrast amplitudes are observed for different 532 nm light
powers. Figure.4.8 (b) shows a detailed expansion of the GSLAC-feature for the
three different 532 nm light powers used in Fig. 4.8 (a), along with the respective
contrast amplitude. Moreover, a shift in the position of the feature, caused by a
temperature increase due to the 532 nm pump light is observed (see, for example,
Ref [161] for a discussion of the temperature dependence of the ground state 3A2

splitting). All recorded traces at different 532 nm light powers are fitted with a
Lorentzian function, allowing us to extract the GSLAC feature’s FWHM linewidth
and contrast amplitude. The resulting data for the GSLAC contrast amplitude
are displayed in Fig. 4.8 (c), showing a saturating behavior that yields a maximum
attainable contrast of 15% [resulting from the fit shown in Fig. 4.8 (c)]. We did not
observe a significant change in the GSLAC FWHM as a function of the 532 nm
light power, and the average GSLAC FWHM of the recorded data is 0.84(1)mT.
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Figure 4.9: Absorption-based magnetometry with sample E. (a) Detail of
the LIA output around the GSLAC feature (blue) with a linear fit to the data
(red, dotted). The fit is used to calibrate the magnitude of the magnetic field
fluctuations. (b) Noise of the magnetometer: magnetically sensitive at a field
of 102.4mT, magnetically insensitive at a field of 80mT (average noise between
1−100Hz is 0.45 nT/

√
Hz ), and electronic noise with no cavity transmission

(average noise between 1−100Hz is 70 pT/
√

Hz ). The photon-shot-noise limit
of the magnetometer is indicated at 12.2 pT/

√
Hz . The decrease in signal for

frequencies above 500Hz is due to the filtering of the LIA.

Finally, we employ sample E to demonstrate the magnetic field sensitivity of the
implemented absorption-based magnetometer using the GSLAC feature. For a
532 nm pump-light power of ∼ 600mW, we record the transmission of 1042 nm
light locked to the resonance of the optical cavity [21], while bringing the NV-
center’s energy levels into the GSLAC (102.4mT). In particular, by scanning the
background magnetic field around the GSLAC feature while applying a small os-
cillating magnetic field (Bm ' 0.01mT at the modulation frequency of 15 kHz),
we record the transmission signal using a photodiode (Thorlabs, PDA36A-EC).
We obtain the signal-component oscillating at the modulation frequency using a
LIA (SRS 865; demodulation time constant 3ms). The resulting demodulated
absorption signal (as detected in the properly phased LIA X output) is pre-
sented in Fig. 4.9 (a). It depends linearly on the applied background magnetic
field around the GSLAC, and can, therefore, be used for precise magnetometric
measurements. Thus, by setting the background magnetic field value exactly to
the center of the GSLAC feature (102.4mT) we record the transmission signal for
an acquisition time of 1 s. In Fig. 4.9 (b), we present the resulting magnetic field
noise-spectrum of the acquired data. We observe a 1/f magnetic field sensitiv-
ity limited by the noise of the electromagnet-current power supply and ambient
noise, and demonstrate a noise floor of magnetically insensitive measurements
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corresponding to 450 pT/
√

Hz . The peaks at 50Hz and harmonics in the mag-
netically sensitive spectrum are attributed to magnetic noise in the lab and are
not visible on the magnetically insensitive spectrum, which is obtained operat-
ing at a background magnetic field value of 80mT. The electronic noise floor
was measured to be 70 pT/

√
Hz . The photon-shot-noise limit is calculated to be

12.2 pT/
√

Hz for 4.2mW of collected 1042 nm light (Eq. 4.7), and the quantum-
projection-noise limit, related to the number of NV centers we probe, is calculated
to be 0.7 pT/

√
Hz .

4.7 Conclusion

In the beginning of this chapter, we have studied MW-induced transitions between
the hyperfine components of the 3A2 ground-state sublevels of the NV center in
diamond using the ODMR technique in two diamond samples with a nitrogen
concentration of 1 ppm and 200 ppm. We have developed a theoretical model
to describe these ODMR spectra. The model describes the ODMR spectra for
magnetic field values in the vicinity of the GSLAC as well as away from it. The
theoretical model allows to track |0, 1〉 −→ |0, 0〉 and |0, 1〉 −→ |1, 0〉 transitions
enabled by the hyperfine-level mixing. Within 0.5 mT of the GSLAC, the ex-
perimentally measured ODMR spectrum becomes rather complicated with some
features that we have not been able to describe fully, although the general features
are reproduced at least in the case of sample A. In the case of the high-densitiy
NV diamond sample, the model fails at low frequency in the range of ±0.25 mT
around the GSLAC position. Further investigation is needed to determine the
interactions responsible for all of these features.

We have performed ODMR measurements on the |ms = 0〉 −→ |ms = −1〉 transi-
tion as well as on the |ms = 0〉 −→ |ms = +1〉 transition. The latter transition is
somewhat simpler, since the |ms = +1〉 level is not involved in the hyperfine-level
mixing and anticrossing and thus serves as a useful cross-check to test the adequacy
of the theoretical model. The ODMR technique has proven to be a useful tool for
investigating how the hyperfine interaction influences the energy-level structure
near the GSLAC and further improvements to the theoretical model could shed
more light on additional interactions and the process of nuclear spin polarization
near the GSLAC. The results of this work will be used in the ongoing efforts
to model and optimize NV-diamond based microwave-free sensors, in particular,
magnetometers [124, 148].
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Following the studies of the hyperfine-level structure, we investigate two approaches
to increase the magnetometric sensitivity in MW-free diamond-based magnetome-
ters using the GSLAC of the NV center. Sensitivity gains via feature-width re-
duction are problematic due to an experimentally observed amplitude decrease
for a dilute sample at optimal alignment. The measured feature in misalignment
angle is very narrow [corresponding to a transverse magnetic field of 97(7)µT] and
has the potential to be used for transverse magnetic field magnetometry, which
is discussed in the next chapter. For magnetometry along the background mag-
netic field, however, a more promising route is to increase signal amplitude in an
absorption-based setup. Additionally, we demonstrate an improved microwave-
free magnetometer setup based on a cavity-enhanced singlet-absorption GSLAC
measurement, which exhibits an average noise floor of 450 pT/

√
Hz , which is an

improvement of about an order of magnitude compared to that of first trial in last
chapter.

Future investigations will involve a thorough study of the lineshape and width of
the signal near the GSLAC and ESLAC, as well as the additional features around
it, with the aim of understanding the fundamental sensitivity and bandwidth lim-
itations [147] of our sensing protocol.
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Chapter 5

Microwave-free vector magnetometry
with nitrogen-vacancy centers along a
single axis in diamond

This chapter includes content from the previously published work [162], and is
republished here with minor changes, with permission.

5.1 Abstract

Sensing vector magnetic fields is critical to many applications in fundamental
physics, bioimaging, and material science. Magnetic-field sensors exploiting nitrogen-
vacancy (NV) centers are particularly compelling as they offer high sensitivity
and spatial resolution even at nanoscale. Achieving vector magnetometry has,
however, often required applying microwaves sequentially or simultaneously, lim-
iting the sensors’ applications under cryogenic temperature. Here we propose and
demonstrate a microwave-free vector magnetometer that simultaneously measures
all Cartesian components of a magnetic field using NV ensembles in diamond.
In particular, the present magnetometer leverages the level anticrossing in the
triplet ground state at 102.4mT, allowing the measurement of both longitudinal
and transverse fields with a wide bandwidth from zero to megahertz range. Full
vector sensing capability is achieved by modulating fields along the preferential
NV axis and in the transverse plane and subsequent demodulation of the signal.
This sensor exhibits a root-mean-square noise floor of ≈ 300 pT/

√
Hz in all direc-

tions. The present technique is broadly applicable to both ensemble sensors and
potentially also single-NV sensors, extending the vector capability to nanoscale
measurement under ambient temperatures.
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5.2 Introduction

Sensitive vector magnetometers are exploited in applications including magnetic
navigation [163], magnetic anomaly detection [164], current and position sensing [164],
and measuring biological magnetic fields [150, 165]. Several versatile magnetome-
try platforms have emerged over the past decades, such as Hall probes, flux-gate,
tunneling-magnetoresistance [166], SQUID based magnetometry [167] and vapor-
cell-based magnetometry [168, 169]. Particularly compelling are sensors based on
negatively charged NV centers in single-crystal diamond, providing high-sensitivity
magnetic sensing and high-resolution imaging [21, 60, 170]. There is growing in-
terest in magnetic-field sensors with high spatial resolution, for example to study
biological processes or the composition of materials. Utilizing NV centers for mag-
netometry allows measuring magnetic fields at ambient temperature and micro-
scopic scales, providing new tools for probing various phenomena including mag-
netism in condensed matter systems [32], semiconductor materials [28] and metallic
compounds [171], and elucidating spin order in magnetic materials [172].

To date, diamond-based vector magnetometers have been realized by interrogating
ensembles of NV centers along multiple crystallographic axes [173, 174] or relying
on a hybrid magnetometry platform consisting of an electronic NV sensor and a
nuclear-spin qubit at particular positions [175]. These techniques, however, are
all based on using the optically ODMR technique with the requirement of apply-
ing microwaves sequentially or simultaneously [173, 174, 176]. The requirement of
microwave control brings the possibility of spurious harmonics within the measure-
ment and hinders applications in areas where it is inherently difficult to achieve
such control or where the application of microwaves is prohibitively invasive. Al-
though NV-based sensors have been successfully implemented as vector magnetic
probes at room temperature, it has remained an outstanding challenge to extend
the vector capability to cryogenic temperatures (less than 4K) due to difficulties
with thermal management. The heat from the applied microwaves is unavoidable
and causes temperature variations, restricting the sensors for numerous innovative
applications, such as mapping the magnetization of individual atomic layers of van
der Waals materials [177].

We propose and demonstrate a protocol that enables vectorial measurement of
magnetic fields by interrogating an ensemble of NV centers aligned along only a
single crystallographic axis at the GSLAC (we do not use a preferential-orientation
NV-diamond sample). By applying two orthogonal alternating fields, along and
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perpendicular to the chosen axis, our technique offers direct and simultaneous
readout of all three magnetic components, free from systematic errors during re-
construction. In contrast to existing methods, our approach does not employ
microwave fields. Thus it is possible to extend NV-based vector magnetic sens-
ing techniques to cryogenic temperatures, representing an important advance in
magnetometry.

The method can be potentially extended to single-NV probes. This will facilitate
extraction of complete vector information of the magnetic field to be measured
with nanoscale spatial resolution under ambient temperatures. A nanoscale vector
magnetometer would bring a wealth of additional information and is motivated by
numerous applications, e.g., noninvasive tracking of particle motion in intracellular
medium [178, 179] and discerning the directionality of action-potential firing [175].
The single-NV vector magnetic-field probe, in some cases, can address the problem
of microscopic characterization of novel spin textures [180], which, in the absence
of vector information, would rely on system-dependent assumptions, artificially
restricting the manifold of solutions compatible with experimental results.

5.3 Magnetometry method

This microwave-free technique for magnetic sensing is based on detecting changes
in NV-photoluminescence under optical pumping near the GSLAC. It was pro-
posed and demonstrated for sensing the longitudinal component of a magnetic field
in Wickenbrock et al. [124] and non-quantitatively indicating a transverse compo-
nent by T1 relaxometry detection [123]. As both the longitudinal and transverse
magnetic fields can lead to a change in the PL signal at the GSLAC and the re-
sponse to the direction of the transverse component is highly non-trivial [148, 181],
achieving vectorial sensing of magnetic fields with a single NV center or an ensem-
bles along a single crystallographic axis faces a number of significant challenges.

In the following, we address the challenges of measuring all Cartesian components
simultaneously and precisely. The NV center is an atomic-scale defect consisting
of a substitutional nitrogen adjacent to a vacancy in the diamond lattice. It has
a spin-triplet ground state (S=1), which can be optically polarized to |ms = 0〉
and read out due to a spin-dependent intersystem crossing into an intermediate
singlet state. Without magnetic field the |ms = ±1〉 states are (nearly) degener-
ate; however, owing to spin-spin interaction, these states lie higher in energy than
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Figure 5.1: (a) The ground-state energy level scheme of the NV center as a
function of the applied axial field. The energy levels either cross or do not cross
depending on the mixing between them, shown in detail in the inset. (b) The
PL signal as a function of the applied axial magnetic field, normalized to their
respective signals at 80mT. The inset shows a detailed view around the GSLAC
trace. Features at around 51mT, due to cross relaxations [74, 83] and possibly
excited-state LAC [160], have been extensively investigated. (c) Traces of the
PL signal around the GSLAC under various transverse fields. The amplitude
of the contrast extracted from the curves is shown as a two-dimensional plot in
a plane, indicated by solid dots in corresponding trace colors.

the |ms = 0〉 state. This is the so-called zero-field splitting Dgs between the mag-
netic sublevels corresponding to a frequency difference of 2.87GHz. Brought to
degeneracy via the Zeeman effect, a subset of NV centers’ magnetic sublevels expe-
rience a complex GSLAC at an axial field Bz ≈ 102.4mT [124, 123]. Figure 5.1 (a)
shows the energy levels of the NV center as a function of an applied magnetic field
including the coupling to the intrinsic nuclear spin of nitrogen (I=1).

Figure 5.1 (b) shows the PL signal as a function of the axial magnetic field with
zero transverse fields. A remarkably sharp feature around 102.4mT, zoomed-in
in the inset, indicates the GSLAC. In the inset, several additional features are
visible which can be attributed to cross-relaxation with the nearby spin bath [64,
83, 124, 144]. A detailed study of these features is currently being conducted and
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will be presented in a separate manuscript. As studied in the previous chapter,
transverse fields couple the |ms = 0〉 and |ms = −1〉 magnetic-sublevel manifold
and therefore affect contrast and amplitude of the GSLAC feature. Traces of the
GSLAC feature for several transverse fields in the range of ±0.06mT, are shown
in Fig. 5.1 (c). The amplitudes of the GSLAC feature as a function of transverse
field is indicated by the trace-colored dots and connected with the black line.
In summary, the GSLAC contrast exhibits a relatively narrow (FWHM ≈ 38µT)
magnetic-resonance feature as a function of transverse magnetic field centered
around zero transverse field.

In order to describe the vector-sensing mechanism, we first analyze the Hamilto-
nian of the triplet ground state around the GSLAC. The system can be modelled
by only considering |ms = 0〉 and |ms = −1〉. The |ms = +1〉 is ignored in the
following because it is at a much higher energy than the |ms = 0〉 state which is
preferentially populated under optical excitation [181]. With the hyperfine inter-
action between the NV electron spin and the nuclear spin of the intrinsic nitrogen
atom (for details see [149]), the Hamiltonian is expressed in the basis of {ms,mI}.
Here we write a two-level Hamiltonian in the subspace {|0,+1〉, | − 1,+1〉} since
the spins are efficiently polarized to the |0, 1〉 state for a 14N-V center [123] under
optical excitation. For a given NV center, we define the z-axis along the symmetry
axis of the center. In the presence of an arbitrary magnetic field B = (Bx,By,Bz)
and neglecting the nuclear Zeeman shift, the reduced Hamiltonian is given by

Hr =
 0 γeB⊥ e

−iφ
√

2
γeB⊥ e

+iφ
√

2 D − γeBz

 , (5.1)

where B⊥ is the transverse magnetic field (|B⊥| =
√

B2
x + B2

y ), φ is the angle
defined by tan φ = By/Bx, and γe is the electron gyromagnetic ratio. In the
absence of transverse fields, the |0,+1〉 state does not mix with any other states [see
Fig. 5.1 (a)]. Therefore, if the center is fully polarized to this state, the PL should
not depend on the exact value of the longitudinal magnetic field. However, in the
presence of the spin bath producing randomly fluctuating magnetic fields, there
arises an effective coupling between the eigenstates resulting in depolarization of
the NV center and a corresponding drop in PL near the level crossings.

We introduce the axial field difference from the crossing, γeδBz = D − γeBz. If
|δBz| � |B⊥|, far from the avoided crossing region, the PL is insensitive to the
transverse field. Conversely, if |B⊥| � |δBz|, the signal becomes insensitive to
small changes in the longitudinal field. In other words, near the GSLAC, the
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Figure 5.2: Experimental setup for the microwave-free magnetometer and
the set Cartesian coordinate system. The diamond is placed in the center of
a 3D Helmholtz coil pairs. A static magnetic field (Bs) is applied along a NV
axis (noted as z direction) by a customized electromagnet. The static magnetic
field, modulating fields (Bmz along z and Bmt in the transverse plane)and the
axis of NV centers in the NV frame coordinate system are displayed.

PL can be used to determine the transverse and longitudinal components of the
magnetic field to be measured. This magnetic-vector sensing protocol can be
extended to single-NV probes, and therefore, nanoscale-sensing volume, since it
just relies on intrinsic properties of the NV center and the presence of a spin bath.

Based on the Hamiltonian (Eq. 5.1) and the assumption of an isotropic spin bath,
we expect that the effect of a transverse magnetic field on the intensity of PL
should not depend on the direction of the transverse field. In fact, we observe this
experimentally (see Fig. 5.4 (a)). The PL, however, does depend on the magnitude
of the applied transverse field. Therefore, we have a sensor for the magnitude of
the transverse field. Similar to how it is possible to measure the field vector with
a scalar magnetometer by applying modulated fields in different directions, it is
also possible, as we demonstrate here, to measure both Cartesian components of
the transverse field with our sensor.

A typical method to adapt a scalar magnetometer for vector measurement is to
apply mutually orthogonal fields modulated at different frequencies. Thus it is
possible to determine the components along each direction by individually de-
modulating the signal [169]. In this work we propose a method to realize vector-
field sensing in the x-y plane using a transverse field rotating around the z-axis
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[Fig. 5.2 (a)] with just one frequency.

To gain an intuitive understanding, we approximate the PL lineshape as a function
of transverse magnetic fields with a 2-D Lorentzian centered around Bx = By = 0,
Fig. 5.3 (a) (i). With a transverse field applied that is rotating around z, the PL
signal will be reduced but remains unmodulated, indicated by the red curve in
Fig. 5.3 (a) (ii). In the presence of an additional static transverse field, the PL
signal shows a modulation at the rotation frequency with a minimum when the
rotating field points in the same direction as the field under interrogation and
a maximum when both are antiparallel, shown in Fig. 5.3 (a) (iii), (iv) and (v).
The difference between the PL signals with (red curve) and without (blue curve)
applied transverse field is shown in Fig. 5.3 (b). This is then demodulated by a
LIA which delivers the information of both the amplitude and the angle of the
magnetic field to be measured, as shown in Fig. 5.3 (c). The reference phase of
the LIA was set so that a magnetic field along the x-axis corresponds to phase
zero (and negative amplitude). The LIA output shows a maximum value at 0o

when applying a field along x-axis, shown in Fig. 5.3 (c). An applied field in
any other direction leads to an oscillating PL signal with a corresponding phase.
Therefore, the phase output of the LIA is the angle between the transverse field
to be measured and the defined x and y axes.

In addition to the longitudinal magnetic field measurement [124], all Cartesian
magnetic-field components can be directly read out in real time with equal sen-
sitivity in all directions. Note here, that the reference phase of the LIA for the
transverse-field signal demodulation sets the coordinate axes in the x-y plane while
the phase for z-axis demodulation is tuned to maximize the amplitude of the re-
sponse signal.

5.4 Vector-sensing demonstration

The experimental apparatus includes a custom-built electromagnet and three pairs
of orthogonal Helmholtz coils wound on a 3D printed mount. The electromagnet
can be moved with a computer-controlled 3D translation stage (Thorlabs PT3-Z8)
and a rotation stage (Thorlabs NR360S, x-axis). The NV-diamond sensor is placed
in the center of both the magnetic bore and three pairs of integrated orthogonal
Helmholtz coils. The diamond can be rotated around the z-axis. This provides
all degrees of the necessary freedom for placing the diamond in the center of the
magnet and aligning the NV axis parallel to the magnetic field.
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Figure 5.3: (a) Simulated PL signals as a function of transverse field. The red
curves are the trajectories of PL signals superimposed on the 2-D Lorentzian
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modulated fields and no bias fields, ii) with modulated fields but no bias fields
(the time-averaged PL drops), iii) with modulated fields and bias field along
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and bias field in x-y plane, respectively. (b) The simulated PL signals with
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bias field. (c) Simulated PL signals [in the same coordinate system as in column
(a)] as a function of the angle of the modulated field referenced to the x-axis
for transverse fields, flipped by 180o corresponding to (a) and (b).
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A two-channel function generator (Tektronix AFG 3022A) provides sinusoidal sig-
nals for field modulations in the longitudinal and transverse directions and refer-
ences for the demodulation by two LIAs. The signal from one of the channels is
split in two with one of them passing through a phase shifter. These two signals
with the same frequency but 90-degree-shifted relative phase are applied to two
pairs of the Helmholtz coils (along the x and y axes). All three signals are am-
plified via a homemade 3-channel current amplifier before reaching the Helmholtz
coils.

The light source is a solid-state laser emitting at a wavelength λ=532 nm (laser
Quantum Gem 532). The PL emitted by the diamond sample is collected with a
parabolic lens and detected with a photodetector (Thorlabs PDA 36A). sample B
was employed in this experiment.

The Helmholtz coil pairs for the field modulation can also be used to calibrate the
response to AC and DC magnetic fields B = (Bx,By,Bz). The applied fields, in
the range of ±4µT along each direction, are calibrated by flux gate magnetome-
ters and consistent with a priori calculations from the known coil geometry and
the applied currents. The single-frequency-modulation 2-D vector magnetometry
method is demonstrated by mapping the amplitudes and phase of the LIA output
as a function of the applied fields in the x-y plane, see Fig. 5.4 (a) and (b). We
also infer the field direction in x-z plane from measurements of the ratio Bz/Bx,
see Fig. 5.5.

The measurement in the z-axis is carried out by applying an additional alternating
field along z, with a different frequency (than the one in the transverse direction)
and the corresponding demodulation of the PL signal. A matrix of 2-D vector
magnetic fields in the x-z plane was measured to demonstrate this method. The
angle of the field can be calculated as arctan(Bz/Bx) from the applied currents
and calibration factors of the two coils. Figure 5.5 shows that the ratios of the
measured fields Bz and Bx correspond to different angles following the expected
arctangent curve.

Before the full vector-sensing protocol is demonstrated, the sensitivity along both
the longitudinal and transverse directions (z and x) as well as possible cross-talk ef-
fects were evaluated. Derivatives of the fluorescence signals in Fig. 5.1 (b), detected
in the properly phased LIA X output while applying sinusoidally modulating fields
along z-axis or x-axis in the presence of a static field along z-axis, are shown in
Fig. 5.6 (a) and (b). The modulation frequencies were 3.7 kHz and 2.3 kHz, respec-
tively, and the modulation depth ≈ 20µT. Pronounced magnetically-dependent
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Figure 5.5: Vectorial sensing demonstration in x − z plane. The ratios of
measured fields Bz/Bx corresponding to different angles are calculated from the
applied fields in x-z plane. The solid green line shows an arctangent dependence.

features around the GSLAC were detected. In the case of z-axis modulation, the
resulting demodulated PL signal depends linearly on the magnetic field in the
region near the GSLAC [Fig. 5.6 (a)], while it is first-order insensitive to the z-
axis magnetic field when applying modulation along the x-axis, [Fig. 5.6 (b)]. This
demonstrates the absence of crosstalk between the different modulating fields in
the proximity of the GSLAC. At a longitudinal field corresponding to the GSLAC
and with an applied x-axis modulation the demodulated PL signal shows a linear
dependence on the x-axis magnetic field [see Fig. 5.6 (c)].

Figures 5.6 (d) and (e) show the single channel magnetic sensitivity along the z
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Figure 5.6: (a) Demodulated PL signal (LIA output X), representing the mag-
netic field sensitivity, shown as a function of axial magnetic field (Bsz) with a
small added modulation (Bmz). (b) Demodulated PL signal as a function of
axial magnetic field with an added transverse magnetic field modulation (Bmx).
(c) Demodulated PL signal as a function of transverse field (Bsz) along the x-
axis while modulating the magnetic field along the same direction as in (b). (d)
Longitudinal (z-axis) magnetic-field noise spectrum. The blue line indicates the
noise in the magnetically sensitive configuration at a magnetic field of 102.4mT,
the red line indicates a noise in the magnetically insensitive configuration (av-
erage noise between 1−500Hz is 300 pT/

√
Hz ), and the amber line illustrates

the electronic noise (average noise between 1−500Hz is 100 pT/
√

Hz ). The
decrease in signal for frequencies above 1 kHz is due to the filtering of the LIA.
Photon shot noise is estimated as 65 pT/

√
Hz . (e) Transverse-magnetic field

noise spectrum (x-axis). The blue line indicates the noise in the magnetically
sensitive configuration measured at zero transverse field, the red line indicates
the noise in the magnetically insensitive configuration at a transverse magnetic
field of 0.2mT (average noise between 1−500Hz is 300 pT/

√
Hz ), and amber

line shows the electronic noise spectrum (average noise between 1−500Hz is
100 pT/

√
Hz ). Photon shot noise is estimated as 60 pT/

√
Hz .
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and x axes, respectively. These are calibrated via linearly fitting the data near
the zero-crossing of the corresponding derivative curves [Fig. 5.6 (a) and (c)] and
the slope of this line is used to translate the LIA output signal to magnetic field.
For noise measurements, the LIA output is recorded for 1 s while the background
magnetic field is set to a point where the LIA X is zero. The data are fast-Fourier
transformed and show noise floor in different configurations [see Fig. 5.6 (d) and
(e)], and thus the sensitivity, for a given bandwidth. Despite the dominant 1/f
noise (near an order of magnitude higher in the longitudinal direction presum-
ably due to the power supply of the electromagnet), the device exhibits a noise
floor of around 300 pT/

√
Hz in both the longitudinal direction and the measured

transverse direction. The noise for the magnetically insensitive configuration in
both cases was measured at magnetic fields of 0.2mT off the GSLAC field. The
electronic noise floor (≈ 100 pT/

√
Hz ) was measured by turning off the green ex-

citation light and acquiring the output of the LIA. The photon-shot-noise limit
for the two measurements is 65 pT/

√
Hz and 60 pT/

√
Hz , respectively, which are

calculated based upon the number of incident photons at the photodetector, the
contrast and width of the magnetically sensitive feature in the GSLAC spectral
response. The overall noise is dominated by environmental noise. The noise can
be further suppressed deploying a differential detection schemes [134].

As a demonstration of full-vector sensing capacity, a set of static magnetic field
vectors, the trajectory of which was designed along a 3D a spiral curve on a sphere,
was applied and measured. The applied field value curve is shown in Fig. 5.7 (a)
and the corresponding amplitudes along each coordinate axis are displayed in
Fig. 5.7 (b). The component in z direction is |B| cos θ, where |B| is the magnitude
of the applied magnetic field vectors and θ is the altitude angle (between the
magnetic field to be measured and the z-axis). The Bx and By are |B| sin θ cosφ and
|B| sin θ sinφ, respectively, where φ is the azimuth angle (between the projection
of B in the x-y plane and the x-axis). This corresponds to the values of Bx and
By shown in Fig. 5.7 (b). The measured field components in x and y directions
show good agreement with the amplitudes determined by a priori calculations.
The scatter in the data can be attributed to environmental noise in the laboratory
and the applied field. The trajectory was measured multiple times and the angles
were reconstructed every time. Figure 5.7 (c) shows the average angle with the
statistical error. Note here, that all the experiments were performed in a lab
environment without magnetic shielding.

With the basic protocol established, this simultaneous vector magnetometry method
should be extendable to single-NV probes. Single NV centers in diamond have
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Figure 5.7: Demonstration of full vector sensing capability. (a) Trajec-
tory of the detected magnetic fields using the microwave-free vector mag-
netometer. The green curve indicates the 3D applied field and the brown
curve is the projection on x-y, x-z, y-z planes. The red arrows represent
the vectors of the measured fields. (b) The three Cartesian components of
both the applied (green points) and measured (red circles) magnetic fields
for each point. The applied field follows a parametric curve (black dashed
lines) with Bx =

√
|B|2 − Bz2 cos(2πt)µT, By =

√
|B|2 − Bz2 sin(2πt)µT and

Bz = 6.82 t − 3.41µT. (c) The altitude angle (between B and the z-axis)
θ = arccos(Bz/|B|) (yellow dots) and the azimuth angle (between the projection
of B in the x-y plane and the x-axis) φ = arctan(By/Bx) = 2πt (blue dots) for
each measured point. In the experiment, the altitude angle θ decreases in time
from 180o to 0o and the azimuth angle φ increases from 0o to 360o.
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been exploited to detect fluctuating magnetic fields (used as scalar relaxometry
magnetometers) without microwaves [31, 123] as they share the spin dynamics
near the GSLAC investigated above and in literature [123]. Both techniques, the
presently realized GSLAC-based vector magnetometry and relaxometry magne-
tometry, rely on monitoring the PL signal when the NVs are precisely turned
to/near the GSLAC. Since they are operated with similar apparatus, the experi-
mental setup for the latter can be extended for vector magnetic sensing by adding
a set of 3D Helmholtz coil pairs and two LIAs. As there are no technical barri-
ers for implementing the protocol onto a single NV center, it appears realistic to
achieve nanoscale vector magnetometry applicable in a broad range of tempera-
tures including below 4K.

5.5 Conclusion

In summary, we have proposed and demonstrated a sensing method allowing si-
multaneous recording of all three Cartesian components of a vector magnetic field
using a solid-state spin sensor. The method operates at the GSLAC of NV centers,
and does not employ microwaves in the measurement. Further optimization of the
apparatus will allow a compact vector magnetometer well suited for geophysical
field measurement or biophysical imaging. The present method can be applied to
the anticrossings in other color-center systems.

The GSLAC-based vector magnetometer using NV centers along a single axis
exhibits a root mean square noise floor of ≈ 300 pT in a transverse and the lon-
gitudinal direction. While the technique was demonstrated without monitoring
the intensity of the pump laser power, future experiments will utilize differential
detection schemes and suppress laser-related noise. In addition, combination with
infrared-absorption-based readout [60], or enhancement by optical cavities [21] will
allow for magnetic-field sensing with a sensitivity reaching or even exceeding the
PL shot-noise limit.

This technique should be extendable to single NV sensors, in this case, it can be
expected to advance nanoscale real-time magnetic sensing and imaging applica-
tions, such as single molecule imaging. With the ability to sense vector magnetic
fields, this method could potentially enable real-time imaging of magnetic dipoles
with arbitrary orientations.
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Chapter 6

Zero-field magnetometry

This chapter includes content from the previously published work [182], and is
republished here with minor changes, with permission.

6.1 Abstract

Ensembles of nitrogen-vacancy (NV) centers in diamonds are widely utilized for
magnetometry, magnetic-field imaging and magnetic-resonance detection. At zero
ambient field, Zeeman sublevels in the NV centers lose first-order sensitivity to
magnetic fields as they are mixed due to crystal strain or electric fields. In this
work, we realize a zero-field (ZF) magnetometer using polarization-selective mi-
crowave excitation in a 13C-depleted crystal sample. We employ circularly polar-
ized microwaves to address specific transitions in the optically detected magnetic
resonance and perform magnetometry with a noise floor of 250 pT/

√
Hz . This

technique opens the door to practical applications of NV sensors for ZF magnetic
sensing, such as ZF nuclear magnetic resonance, and investigation of magnetic
fields in biological systems.

6.2 Introduction

Negatively charged nitrogen-vacancy centers in diamond have garnered wide in-
terest as magnetometers [60, 124, 125, 134, 148, 183], with diverse applications
ranging from electron spin resonance and biophysics to material science [16, 184,
185, 186, 187, 188, 189]. However, typical operation of an NV magnetometer
requires an applied bias magnetic field to nonambiguously resolve magnetically
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sensitive features in the level structure. Due to the Zeeman effect, the bias field
lifts degeneracy among magnetic sublevels in the NV-center ground state, allowing
microwave transitions between spin states to be addressed individually [107]. Such
a bias field can be undesirable for applications where it could perturb the system
to be measured, such as in magnetic susceptometry [190] and measurements in
magnetically shielded environments, or, for example, can create challenging cross
talk within sensor arrays [191].

Elimination of the need for a bias field would extend the dynamic range of NV
magnetometers to zero field. Zero-field, NV-based magnetometry opens up new
application avenues, and makes these versatile, solid-state sensors competitive
with other magnetic field sensors such as SQUIDs and alkali-vapor magnetome-
ters [192, 193], because, despite the lower sensitivity of NVs, they offer additional
benefits due to their small size, high spatial resolution, capability of operation
over large temperature and pressure ranges, and wide bandwidth [125]. The rel-
ative simplicity of NVs operated at zero field can readily complement existing
sensors in applications such as zero- and ultralow-field nuclear magnetic reso-
nance (ZULF-NMR) [194, 195], tracking field fluctuations in experimental searches
for electric dipole moments [196], and magnetoencelography or magnetocardiogra-
phy [197, 198].

Magnetically sensitive microwave transitions within NV centers can be probed us-
ing the ODMR technique, which relies on detecting changes in photoluminescence
(PL) while applying microwave fields to optically pumped NVs [133]. At zero field,
these transitions overlap, and shift equally with opposite sign in response to mag-
netic fields. Therefore, NV ensembles have been considered unusable as zero-field
magnetometers [125], except in certain cases, for detecting ac fields in the presence
of applied microwaves [199].

We overcome these complications at zero field by selectively driving resolved
hyperfine transitions in NV centers in a 13C-depleted diamond with frequency-
modulated, circularly polarized microwaves. This results in ODMR fluorescence
with a linear response to small magnetic fields. We present such a zero-field NV
magnetometer with a demonstrated noise floor of 250 pT/

√
Hz .
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6.3 Experimental setup for zero-field
magnetometry

A schematic of the experimental apparatus is shown in Fig. 6.1 (a). Intensity-
stabilized (<0.5% power fluctuations at 110 mW) green laser light at 532 nm is
used to optically pump the NV centers in diamond into a single spin projection
(ms = 0) in the ground state. Microwaves (MWs) drive transitions from this
ground state into the magnetically sensitive spin states (ms = ±1), reducing the
fluorescence resulting from the pumping cycle [200]. The diamond is glued to a
parabolic light concentrator to collect fluorescence, which is focused through a
filter and onto a photodetector (PD), which registers ≈ 1.2 mW. The parabolic-
concentrator arrangement has been demonstrated to have over 60% collection ef-
ficiency in Ref. [134]. The signal from the PD is fed into a lock-in amplifier (LIA),
which is referenced to the frequency modulation of the MWs. Three pairs of
Helmholtz coils are wound onto a 3D printed mount around the diamond sam-
ple. To zero the ambient magnetic field, the coils are driven by three independent
stable current supplies. In this experiment, sample B is employed.

To study the ODMR signal around zero field, fluorescence spectra are taken by
sweeping the center frequency of linearly polarized MWs for a range of magnetic
field values around zero. Figure 6.2 (a) shows the resulting data, which show hy-
perfine resolved transitions originating from all crystal orientations. The narrow
linewidths in this diamond allow for a clear distinction between transitions occur-
ring along different crystal axes. These transitions are shown in detail at specific
field values in Fig. 6.2 (b), including at zero field, where 12 transitions overlap and
merge into four distinct features.

The NV spin Hamiltonian that describes the energy spectrum, and includes inter-
action with an applied magnetic field B and hyperfine interaction with the intrinsic
14N is written as follows

H = DS2
z + E(S2

x − S2
y) + geµBB · S

+ S ·A · I− gnµN B · I + QI2
z,

(6.1)

where D is the zero-field-splitting parameter, E (≈ 0.15MHz for the employed
sample) is the off-diagonal strain- or electric field-splitting tensor [72], S and I are
the electron- and nuclear-spin operators, ge and gN are the electron and nuclear-
spin g-factors, µB and µN are the Bohr and nuclear magnetons, and Q is the



88 Zero-field magnetometry

Figure 6.1: (a) The experimental setup for the zero-field NV magnetometer
when modulating the MW frequency. PD: photodiode; MW: microwave; PCB:
printed circuit board. (b) The ground-state-level diagram for NV in diamond,
including hyperfine levels due to the couplings of NV and the nuclear spin of
the intrinsic 14N. The label, ms refers to the electron spin projection, while mI

refers to the nuclear spin projection.

nuclear-quadrupole-splitting parameter. The electron spin S and nuclear spin I
are coupled via the diagonal hyperfine tensor AN14 defined by Eq. 2.5. To determine
the parameter E for the sample, the measured spectra are fitted to the Hamiltonian
with E as a variable and other parameters fixed to values reported in the literature.

We evaluate the energy levels and subtract the allowed transitions according to the
Hamiltonian, shown in Fig. 6.3. For clarity, the simulated transitions are overlaid
on top of the obtained data in Fig. 6.2 (a).

At low fields, the Hamiltonian is dominated by the 2870-MHz zero-field splitting,
D, between the |ms = 0〉 and the degenerate |ms = ±1〉 states. The hyperfine
interaction with the nuclear spin of the NVs’ intrinsic 14N, results in three hyperfine
projections for each electron spin state, and so the MW transitions between the
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Figure 6.2: (a) ODMR spectra with linearly polarized MWs as a func-
tion of the axial magnetic field, with transitions originating from all crystal-
axis orientations. Those transitions corresponding to NVs oriented along the
direction of the applied field are labeled (|ms,mI〉) and overlaid with the
simulation according to the Hamiltonian of Eq. 6.1. The unlabeled transi-
tions are due to NV centers that are not oriented along the 〈111〉 direc-
tion. These features from other orientations overlap because they share a
common relative angle with the applied field. (b) Continuous-wave ODMR
spectra for selected values of Bz. At zero field only the central transitions
are split. The lower-energy peak at ≈ 2868MHz corresponds to the tran-
sitions |ms = 0,mI = +1〉 → |ms = +1,mI = +1〉 and |ms = 0,mI =
−1〉 → |ms = −1,mI = −1〉. The higher-energy peak at ≈ 2872MHz cor-
responds to the transitions |ms = 0,mI = −1〉 → |ms = +1,mI = −1〉 and
|ms = 0,mI = +1〉 → |ms = −1,mI = +1〉.

ms states are split threefold [Fig. 6.1 (b)]. These groupings of |ms = ±1〉 states
separate in energy with increasing magnetic field due to the Zeeman effect. At
fields where the Zeeman shift results in degenerate hyperfine levels of the |ms =
±1〉 states, anticrossings between hyperfine states with the same nuclear spin
projection occur due to the tensor E [72].

These anticrossings between hyperfine states are apparent in the ODMR Zeeman
spectra of Fig. 6.2 (a). The anticrossings for the transition energies at ≈ ±0.08mT
correspond to interaction between the states |ms = −1,mI = ±1〉 and |ms =
+1,mI = ±1〉. The bottom spectrum in Fig. 6.2 (b) shows strain- and electric
field- splitting of the transitions |ms = 0,mI = 0〉 → |ms = ±1,mI = 0〉 due to the
interaction E between the upper states, while the transitions |ms = 0,mI = +1〉 →
|ms = ±1,mI = +1〉, and |ms = 0,mI = −1〉 → |ms = ∓1,mI = −1〉 merge in
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Figure 6.3: (a) Calculated energy levels of the |ms = ±1 > of NV’s ground
state near zero field. (b) Simulated transitions between |ms = 0 > and |ms =
±1 > of NV’s ground state near zero field. Those transitions corresponding to
NVs oriented along the direction of the applied field are notated (|ms,mI〉).

the ODMR spectrum. In many diamond samples these features are indiscernible,
because the transverse zero-field splitting E is larger than the intrinsic hyperfine
splitting of the NV center. The well-resolved hyperfine structure in this diamond
sample allows us to selectively address only the overlapping transitions that occur
at ±2MHz from the central feature.

Note that here we use the transitions that overlap at either∼2868MHz or∼2872MHz
for zero-field magnetometry, since the splitting, E, from the strain and/or electric
field is suppressed as a result of being at least an order of magnitude smaller than
the energy separation between the corresponding branches, |ms = ±1,mI = +1〉
or |ms = ±1,mI = −1〉, which are split by the hyperfine-coupling term. These
features are also used to calibrate the zero-field value of currents in our coils, by
maximizing their fluorescence contrast, which occurs when the magnetic sublevels
become degenerate as a result of the external magnetic field being zeroed. The
estimated residual field is less than 3µT in all directions which corresponds to the
linewidth of these transitions.

We use circularly polarized MWs to drive a single electron spin transition out of
the feature composed of overlapping resonances. This single transition has a linear
dependence on the magnetic field. The circularly polarized MWs are created using
a printed circuit board (PCB) that follows the design of Ref. [201]. The board
consists of two, 200-µm wires separated by a distance d = 4.5mm and placed
on a plane that is d/2 away from the diamond sample. Each wire carries a MW
signal split from the same source, with one passed through a variable phase shifter.
This arrangement results in orthogonal oscillating magnetic fields at the diamond
sample, verified with the high contrast between ODMR traces at fixed field with
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either left or right circularly polarized MWs [Fig. 6.4 (a)]. The MW field can be
continuously varied between linearly and circularly polarized [Fig. 6.4 (b)].

The efficacy of our circular MW polarizing scheme is shown in Fig. 6.4. In partic-
ular, Fig. 6.4 (b,c) demonstrate a relative suppression of σ+ and σ− transitions to
below 1% of the maximum contrast, respectively. Previously overlapping transi-
tions are thus isolated, removing the symmetric dependence as a function of the
field to be measured.

6.4 Magnetometry method—using circularly
polarized microwaves

In typical ODMR magnetometry, linearly polarized MW fields drive transitions
between the |ms = 0〉 and |ms = ±1〉 states, decreasing the detected fluorescence
with a resonant response with respect to the MW frequency. At fields where the
transitions to |ms = ±1〉 states are well resolved, modulation is applied to the
MW frequency, and the resulting PL signal is detected on a PD and demodulated
on a LIA at the modulation frequency. The first-order harmonic output exhibits
a linear response of the PL to the magnetic field. However, at zero field, the
|ms = ±1〉 states are degenerate, and transitions to these states, including those
from all crystal orientations, overlap, causing the LIA output to no longer exhibit a
linear dependence with the magnetic field, as described below. In our experimental
setup, we measure a field that is applied along the (111) direction. While the angle
between the (111) oriented NVs and the applied field is 0o, the other three NV
orientations are all oriented with a 70o angle to the applied field. Therefore, the
applied field is projected onto the three other crystal orientations equally, but a
single-axis description is sufficient to understand how magnetic field sensitivity
arises in the (111) oriented NVs.

For a background PL of P0, the detected signal from applying MWs at frequency
ω to a given transition can be modeled as follows

P = P0 −
A
(

Γ
2

)2

(ω − ω0)2 +
(

Γ
2

)2 , (6.2)

where P is the PL signal, and ω0, Γ, and A are the center frequency, the linewidth
and the amplitude of this Lorentzian profile.
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Figure 6.4: (a) ODMR traces at fixed field with circular MWs (the polariza-
tion of the applied MW is indicated at the right bottom corner of each subfigure:
top σ− and bottom σ+). Here the peaks A and D (B and C) correspond to the
transitions from |ms = 0〉 to |ms = −1〉 and |ms = 0〉 to |ms = 1〉 of on-axis
(off-axis) NVs, respectively. (b) Fitted amplitudes of A and D in (a), as a func-
tion of the relative phase between two applied microwave fields. Blue crosses
(amber circles) indicate the amplitudes of A (D). The error bars on the data
(±1 standard error of the mean) are smaller than the symbol size. (c) ODMR
spectra under linear, σ−, σ+ MW as a function of magnetic field. The color
scale indicates the peak depth, in percent, relative to the off-resonant case.
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At zero field, the PL signal is convolved with features due to strain and electric
field, however, we can still approximate the signal with the Lorentzian form in
Eq. 6.2. Focusing on the lowest-frequency peak of those shown in the zero-field
trace of Fig. 6.2 (b), two transitions, |ms = 0,mI = +1〉 → |ms = +1,mI = +1〉
with amplitude A+ and central frequency ω0+, and |ms = 0,mI = −1〉 → |ms =
−1,mI = −1〉 with amplitude A− and central frequency ω0−, overlap such that
ω0+ = ω0− = ω0. If the field Bz along a single diamond axis is increased, the
central frequencies change by an amount,

ω0± = ω0 ± geµBBz . (6.3)

The effect of a small modulation of the MW frequency is described by the first-
order expansion of P for each transition around ω0 with respect to ω. The result
is the linear dependence on the magnetic field, and is a sum of the contributions
from each transition. Using the relation in Eq. 6.3, we find that for small values
of Bz,

∆P
∆ω = (A+ − A−)KBz + c, (6.4)

where we group various terms into the parameters K = 8geµB/Γ2 and c =
−8(ω − ω0)(A+ + A−)/Γ2. When linearly polarized microwaves are applied, the
transition probabilities for eachms state, and therefore the values of A±, are equal.
As a result, the linear change in PL is zero for small changes in magnetic field.
However, circularly polarized microwaves can be applied instead, resulting in dif-
ferent transition probabilities so that the first term in Eq. 6.4 does not cancel out,
resulting in magnetically sensitive changes in the PL. Therefore, to perform high-
sensitivity magnetometry, we apply circularly polarized MWs and modulate the
central frequency. Note here that the shape of the magnetometry signal is sensi-
tive to the imperfection of circular MW polarization, which has varying effects for
other crystal orientations, and to small detunings of the central MW frequency,
which may arise from drifts in the diamond temperature. These effects can explain
the asymmetry in Fig. 6.5 (a).

The contributions of the NVs oriented along other crystallographic axes also over-
lap in the lineshape but they have a weaker dependence on the magnetic field
(applied at an angle to these axes) and are suppressed when circularly polarized
MWs are applied. As a result, the linear dependence described above is the dom-
inant behavior for small fields.
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6.5 Alternative magnetometry
method—modulating magnetic field

As an aside, we mention that it is also possible to apply an oscillating magnetic
field along the (111) direction in order to perform magnetometry with linearly
polarized MWs. This oscillating field modulates the central frequencies of the two
transitions as follows

ω0± = ω0 ± [geµBBz + ωmod ] , (6.5)

where ωmod = geµBη sin(νt) and η and ν are the amplitude and frequency of the
oscillating field, respectively. The resulting PL is the sum of contributions from
the relevant transitions, each described by the first-order expansion of Eq. 6.2 in
ωmod around ωmod = 0. The linear magnetic dependence for small values of Bz,
and η � Γ/geµB is,

∆P
∆ωmod

= (A+ + A−)KBz + c′, (6.6)

where K is as defined in Eq. 6.4 and c′ = 8(ω − ω0)(A− − A+)/Γ2. The signal is
detected on a LIA referenced to the field modulation frequency, ν. Since A± do
not cancel out in Eq. 6.6, there is linear magnetic sensitivity in the LIA output
signal, which, for A− = A+, is insensitive to the detuning of the central MW
frequency within the linear regime. The magnetic dependence, ∆P/∆Bz, reaches
a maximum when η = Γ/2.

This method can be simpler to implement in some applications for dc measure-
ments of small fields, since compensation coils, for instance, can be used to apply
the modulation, and there is no need for circularly polarized microwaves. In cer-
tain dc and low-frequency applications, such as for biomagnetic signals, this field
modulation can be averaged out. Furthermore, the employment of an oscillating
bias field relaxes the constraints on bias stability, a concern for precision sensors.

6.6 Magnetic-field sensitivity

To demonstrate the magnetic sensitivity of the zero-field magnetometer, we scan
the magnetic field through zero while modulating the frequency of the σ+-polarized
MWs, which are centered at ≈ 2872 MHz. The derivative fluorescence signal as
detected in a properly phased LIA output depends linearly on the field between
≈ ±1µT, which determines the dynamic range of the magnetometer (which can be
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Figure 6.5: (a) A detail of the LIA output X around zero field (black line)
with a dispersive curve fitting and a linear fit (red) to the data while mod-
ulating the frequency of the applied circularly polarized microwave at 3 kHz
with a depth of 45 kHz. (b) The magnetic-field noise spectrum. The blue line
indicates magnetically sensitive noise, the amber line indicates magnetically
insensitive at a MW frequency of ≈2900MHz (average noise between 1 and
1000Hz is 250 pT/

√
Hz ), and the green line indicates electronic noise (average

noise between 1 and 1000Hz is 70 pT/
√

Hz ). The photon shot-noise limit of the
magnetometer is indicated at 4 pT/

√
Hz . The decrease in signal for frequencies

above 1 kHz is due to the filtering of the LIA.

extended by applying magnetic bias). The calibration signal is shown in Fig. 6.5 (a)
with a modulation frequency of 3 kHz, and a modulation depth of 45 kHz. The
data near zero field are fitted to a straight line, and the slope of this line is used
to translate the LIA output signal to the magnetic field. The noise in the LIA
output signal voltage therefore conveys the sensitivity of the magnetometer. For
noise measurements, the LIA output is recorded for 1 s while the background
magnetic field is set to zero. The data are passed through a fast Fourier transform
and displayed in Fig. 6.5 (b), from which we can establish our noise floor and thus
the sensitivity, for a given bandwidth.

For noise frequencies between dc-30Hz we observe a 1/f -behavior of the magnetic
noise that we attribute to ambient noise, primarily arising from the compensation-
coil current stability. While the noise floor at 250 pT/

√
Hz can be attributed to

laser-intensity noise, a photon shot-noise limit of 4 pT/
√

Hz is achievable—a value
calculated from the number of incident photons at the photodetector and the con-
trast of the magnetically sensitive feature in the MW spectral response. The
magnetically insensitive noise spectrum is obtained by operating the setup at an
off-resonant microwave frequency of 2900MHz, where there are no magnetically
sensitive features in the NV spectrum. Since noise peaks at 50Hz and harmon-
ics are absent in this magnetically in-sensitive spectrum, we attribute them to
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Figure 6.6: (a) Detail of the lock-in output around zero field (black line) with
a dispersive curve fitting and a linear fit to the data (red) while modulating
the magnetic field at 2 kHz. (b) Magnetic field noise spectrum. Blue line indi-
cates magnetically sensitive noise, amber line indicates magnetically insensitive
noise at a MW frequency of ≈ 2900MHz (average noise between 1−1000Hz
is 240 pT/

√
Hz ), and electronic noise (average noise between 1−1000Hz is

55 pT/
√

Hz ). The photon shot noise limit of the magnetometer is indicated
at 4.5 pT/

√
Hz . The decrease in signal for frequencies above 1 kHz is due to

the filtering of the LIA.

magnetic noise in the laboratory. The electronic noise floor (≈ 70 pT/
√

Hz ) was
measured by turning off the green excitation light and acquiring the output of the
LIA. Similarly, noise spectra of the alternative method are also taken and shown
in Fig. 6.6.

6.7 Conclusion

We demonstrate a NV-based zero-field magnetometer with a 250 pT/
√

Hz noise
floor. The device employs a diamond sample with a well-resolved ground-state
hyperfine structure of the NV center, and uses circularly polarized microwaves to
selectively excite magnetically sensitive transitions that, in the absence of such se-
lectivity, yield ODMR signals that are first-order insensitive to near-zero magnetic
fields. This device can be useful in applications where a bias field is undesirable and
extends over the dynamic range of NV magnetometry to cover existing zero-field
technologies such as SQUIDs and alkali-vapor magnetometers. ZF magnetome-
try with single NVs will be presented in a later publication. Improvements in
the present technique will result in sensitivities that are useful for ZULF-NMR
and, with further miniaturization, these zero-field diamond sensors can find use in
biomagnetic applications such as magnetoencelography and magnetocardiography.
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Chapter 7

Summary

The dissertation focuses on advances in ultra-sensitive, high-bandwidth magne-
tometry with NV ensembles. At the beginning we reviewed the physics of mag-
netometry with nitrogen vacancy centers. We discussed the physics of the NV
center in detail and explored the energy levels at the ground state level anticross-
ing of the NV center in the second chapter. In Ch. 3 we demonstrated a novel
method for a microwave-free magnetometer based on the GSLAC and utilized it
to achieve eddy-current imaging. In Ch. 4 we studied approaches to improve the
sensitivity of the MW-free magnetometers and demonstrated a different detection
method–cavity-enhanced singlet-absorption measurement. In Ch. 5, we extended
the GSLAC magnetic sensing technique to a vector magnetometer, enabling si-
multaneous measurement of all Cartesian components of a magnetic field. At the
end, we presented a magnetometric prototype based on ODMR which is realized
with circularly polarized MWs. This magnetometer operates at zero ambient field
and thus extends magnetic sensing dynamic range and opens up new application
avenues. All the above magnetometers are realized in continuous-wave mode and
can be potentially operated with pulse sequences introduced in Ch. 2.

This thesis has demonstrated a number of novel techniques, but significant work
remains to bring each to its full potential. Advances will most likely be driven
by both improved pulse sequences and better materials. Additionally, the perfor-
mance can be further improved with approaches, such as increasing the photon
collection efficiency, extending NV spin coherence times, increasing readout fi-
delity [2], and suppressing common-mode noise by differential detection and so
on.

The ability to detect magnetic field patterns with high magnetic sensitivity and
spatial resolution could prove a useful characterization tool in a number of fields. In
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particular, NV magnetometers can be used for non-invasively magnetically imaging
biomagnetic systems (e.g., neurons, cardiac cells, and magnetic organs used for
navigation) using microwave-free probes, vectorial stray-field imaging of magnetic
structures, and detecting nuclear magnetic resonance of chemically exchanging
systems at zero field [202]. The presented techniques are potentially applicable to
single NV center probes, which would facilitate extraction of magnetic information
with nanoscale spatial resolution and would boost numerous applications.



Appendix A: Diamond samples

Table A.1: Summary of diamond samples. CVD: chemical vapor deposition,
HPHT: high pressure, high temperature. [N] is the number density of the
nitrogen atoms before annealing.

Sample Type Surface [N] (ppm) 13C (%) Used in Chapter
Sample A CVD (100) <1 1.1% §4
Sample B HPHT (111) <3 0.03% §2, §4, §5, §6
Sample C HPHT (100) <13 0.01% §4
Sample D HPHT (100) <200 1.1% §4
Sample E HPHT (111) <110 1.1% §2, §3, §4
Sample F HPHT (111) <200 1.1% §3,§4
Sample G HPHT (100) <200 1.1% §4

Sample A

Sample A is a single-crystal CVD-grown diamond sample. The diamond with an
initial nitrogen concentration of <1 ppm was electron-irradiated at 10MeV (dose:
1018 cm−2) and then annealed at 720◦C for two hours.

Sample B

Sample B is a 99.97% 12C, (111)-cut diamond single crystal, with dimensions
0.71 mm× 0.69 mm and a thickness 0.43 mm. It was laser-cut from a 12C-enriched
diamond single crystal, grown by the temperature gradient method at high pres-
sure (6.1GPa) and high temperature (1430 oC). A metal solvent containing a
nitrogen-getter and carbon powder prepared by pylolysis of 99.97% 12C-enriched
methane as a carbon source were used [203]. It was irradiated with 2MeV elec-
trons from a Cockcroft-Walton accelerator to a total fluence of 1.8× 1018cm−2 at
room temperature, and annealed at 800 oC for 5 hours. This source diamond was
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reported to have 3-ppm initial nitrogen and 0.9-ppm NV− after conversion, mea-
sured by electron paramagnetic resonance techniques [134]. This diamond Sample
B provides remarkable narrow GSLAC-features with small residual couplings to
13C nuclear spins which is essential for the sensitivity of the proposed method.

Sample C

Sample C is a single-crystal HPHT-synthesized diamond sample. The diamond
has an initial nitrogen concentration of <200 ppm.

Sample D

Sample D is a 99.99% 12C, (100)-cut diamond single crystal, with dimensions
3 mm × 3 mm and a thickness 0.5 mm. It is synthesized with HPHT method by
Element Six.

Sample E

Sample E is a (111)-cut diamond plate, which has dielectric coatings on both sides.
In particular, one side of the Sample E diamond has a highly reflective (98.5%)
coating while the other side has an anti-reflective coating for 1042 nm. Combining
this sample with an optical mirror, an optical cavity is formed, which was employed
to enhance the absorption on the singlet transition [21].

Sample F

Sample F is a single-crystal (111)-cut (2.1× 2.3× 0.6)mm3 diamond, synthesized
using a HPHT method (from Element six). The diamond with an initial nitrogen
concentration of <200 ppm was electron-irradiated at 14MeV (dose: 1018 cm−2)
and then annealed at 700◦C for three hours. The resulting NV centers are ran-
domly oriented along all four crystallographic axes of the diamond.

Sample G

Sample G is a single-crystal (100)-cut diamond, synthesized using a HPHTmethod.
The diamond with an initial nitrogen concentration of <200 ppm was electron-
irradiated at 10MeV (dose: 1018 cm−2) and then annealed at 750◦C for three
hours. The resulting NV centers are randomly oriented along all four crystallo-
graphic axes of the diamond.
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