
UNIVERSITY OF LATVIA

Jānis Šmits

Microscale measurements
with nitrogen-vacancy

centers in diamond

SUMMARY OF DOCTORAL THESIS

Submitted for the degree of Doctor of physics, mechanics and astronomy
Subfield: Laser physics and spectroscopy

Riga, 2020



The doctoral thesis was carried out at the Chair of Physics 
Faculty of Physics, Mathematics and Optometry, University of Latvia from 2017 to 2020 
 
 
 
 
The thesis contains the introduction, 4 chapters, a reference list and no appendices 
Form of the thesis: dissertation in Physics Astronomy and Mechanics, subfield: laser physics and spectroscopy 
Supervisor: Dr. Florian Gahbauer 

 

 

Reviewers: 

1)  Prof. Uldis Rogulis, senior researcher at the University of Latvia Institute of Solid state Physics 
2) Dr. Kristaps Jaudzems, senior researcher at the Latvia Organic Synthesis Institute 
3) Dr. Audrius Alkauskas, head of the Electronic Structure Theory laboratory at the Center for Physical Sciences 

and Technology, Vilnius. 

 

 

 
The thesis will be defended at a public online session of the Doctoral Committee of Physics, Astronomy and Mechanics, 
University of Latvia on June 16th 
_____________________________________________________________________________________________ 
 
 
 
 
 
The thesis is available at the Library of the University of Latvia, Kalpaka blvd. 4. 
  
 
 
 
 
 
 
 

Chairman of the Doctoral Committee: Ruvins Ferbers ________________ 
(paraksts)  

Secretary of the Doctoral Committee: Karlīna Engere  _______________ 
(paraksts)  

 
© University of Latvia, 2020 
© Jānis Šmits, 2020 



Abstract
The negatively charged nitrogen-vacancy (NV) center in diamond

possesses excellent room-temperature coherence properties and is a very
promising candidate platform for the next generation of high sensitivity
magnetic sensors. In this work we investigated the relaxation dynamics
and sensing performance of the nitrogen-vacancy (NV) center.

while examining the NV concentration dependent population relax-
ation times T1 we found strong evidence of NV-NV dipole-dipole couplings
being the dominant relaxation channel for high NV concentrations (>1
ppm).

We also studied two distinct NV magnetometry modalities. One of
them was the NV based magnetic microscope which was used to obtain
optical resolution magnetic signals. Several key insights on experimental
design were obtained from these efforts which, we believe, could enable us
to study time-dependent magnetic processes.

The other was a high-sensitivity and high-spectral resolution NV
based nuclear magnetic resonance spectrometer was built and the first
two-dimensional NMR signal of an external analyte was obtained on such
a system.
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1 Background

In recent years research of quantum technologies has progressed consid-
erably with many research groups now focusing on not only fundamental
research but concrete applications and product development [1–3]. The
most widely known quantum technology is probably the quantum com-
puter. Several public and private bodies (IBM, ETH-Zurich, Rigetti and
Microsoft [4]) are offering development platforms and access to genuine
quantum machines. In tandem with quantum computing the complemen-
tary field of quantum metrology has also experienced significant advances.
While quantum computers seek to decouple the constituent qubits from
the environment, quantum metrological devices exploit this coupling to
probe the relevant environmental parameters. The most sensitive magne-
tometers, clocks, thermometers and other types of sensors rely on quantum
effects enabling measurements at precision and scale inaccessible to clas-
sical analogues.

Quantum sensors can be realized in many different physical sys-
tems, among these is the the nitrogen-vacancy color center (NV center) in
diamond which stands out with an array of remarkable properties. First,
the ground spin state of the NV center can be both initialized and read
out optically; in addition the spin state can be coherently manipulated
using microwave radiation. Second, the spin coherence time (T2) even at
room temperature can reach up to ∼ms [5] and reach seconds at liquid
nitrogen temperatures [6]. Finally, the physically robust, chemically inert
and bio-compatible diamond matrix hosting the defect possesses multiple
excellent properties in the context of sensing. It is both physically and
chemically robust and bio-compatible; it lends itself well to nanostructur-
ing, which enables favorable geometries for sensing applications such as
trenches [7] or nanopillars [8], and finally the potent fabrication processes
familiar in the semiconductor industry such as chemical vapor deposition
(CVD), delta-doping or ion implantation grant a high degree of control
over the isotopical composition [5, 9, 10], NV concentration [11, 12] and
spatial distribution [13, 14], which make it possible to tailor the quantum
sensor to a particular application.
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Samples of bulk NVs have managed to achieve a ∼pT/
√

Hz sensitiv-
ity [15] and microscale ensembles have reported a sensitivity as low as 1.2
nT/µm3/2/

√
Hz [16]. While alternative platforms (alkali metal vapors or

superconducting quantum interference devices) outperform the NV center
in raw sensitivity they suffer from poor spatial resolution, higher technical
complexity and operating temperatures incompatible with living organ-
isms. This motivated me to set the following overall goal of the thesis:
Study the NV relaxation processes, build a NV based magnetic
microscope and move the NV nuclear magnetic resonance spec-
trometer towards competitiveness with conventional techniques.

To achieve this goal I set myself three tasks:

• Characterize the T1 relaxation rate as a function of NV concentration
and use the data to infer the possible relaxation mechanisms.

• Construct a NV diamond magnetic microscope and evaluate the pos-
sibility of studying time-dependent processes with this technique.

• Examine the feasibility of performing two-dimensional nuclear mag-
netic resonance experiments with an NV based sensor.

The dissertation consists of four chapters the condensed versions of
which make up this summary. Chapter one introduces the reader to the
field of NV centers: the defects structure, characteristics and fabrication
related questions. Chapter two explores the relaxation rate dependence
on NV concentration. Chapter three reports on the development and op-
timization of an NV based magnetic microscope. Finally, chapter four
describes the development and performance of an NV based NMR spec-
trometer.

The research on which the dissertation is based has been published
in 5 peer-reviewed articles.

The NV center structure

The nitrogen-vacancy center point defect in diamond with C3v symmetry
formed when a nitrogen atom replaces a carbon atom and, additionally,
is joined by a vacancy in an adjacent carbon site, as shown in Fig. 1.1.
There exist several charge state variations of the defect: NV+ [17, 18],
NV0 [19] and NV− [20–22] where the NV0 and NV− are the predominant
varieties [23]. The negatively charged center exhibits the properties that
make it highly attractive. These properties are:
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Nitrogen

Carbon

Vacancy

Figure 1.1: The structure of the NV center. For the negatively charged
center the electron is mostly localized at the vacancy site. The axis con-
necting the nitrogen to the vacancy is the quantization axis.

• The spin state can be prepared optically.

• The spin state can be read out optically.

• Spin coherence times that are long compared to most other solid
state qubit systems.

It is common in the literature to drop the “-“ sign, and this practice will
also be employed in this work. It is thought that the source of the ad-
ditional electron are substitutional nitrogen defects (also known as P1
centers) [20, 24]. The NV center itself possesses a C3v symmetry with
the symmetry axis aligned along the crystalline sites of the nitrogen and
vacancy. In most bulk diamond/NV fabrication techniques all four pos-
sible alignment direction are equally probable resulting in four subsets of
NV centers. However, preferential orientation along two directions can be
achieved through clever substrate selection and appropriate CVD growth
protocols [25, 26].

The general steps of fabricating a NV diamond are:

• Preparation of a diamond matrix with the necessary nitrogen, 13C
content/volumetric distribution.

• Introduction of vacancy defects in the diamond either by ion or elec-
tron irradiation. In some cases the first and second steps are com-
bined by using nitrogen as the vacation forming ion. High-power
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impulse lasers have also been used to both locally create vacancies
and perform the annealing step to form NV centers [13, 27].

• High-temperature annealing in an oxygen-free atmosphere, which
causes the vacancies to diffuse through the diamond until they en-
counter a site adjacent to a substitutional nitrogen.

There exist two main industrial processes that produce mono-crystalline
diamond chips that are suitable for producing NV based sensors. The first
is the high-pressure-high-temperature (HPHT) technique. At these envi-
ronmental conditions graphite undergoes a phase transition to diamond.
This is a relatively cheap process which produce stones with a relatively
high nitrogen content (50 to 200 ppm are typical). The second methods is
chemical vapor deposition (CVD), where the diamond chip is fabricating
by depositing carbon atoms layer by layer. This process is slower and more
expensive, but yields chips with lower defect concentration. A type of di-
amond that is appearing more frequently in recently published research is
the delta-doped CVD diamond [28–30]. With this technique nitrogen is
introduced for a brief time during the growth process to create a spatially
well defined distribution of nitrogen defects with a defined concentration.
Another improvement in sensor quality can be obtained by using isotopi-
cally purified precursor gases. Around 1.1 % of natural abundance carbon
is 13C which has a non-zero spin. The presence of this carbon isotope pro-
duces magnetic noise degrading sensor performance. By using pure 12C
precursors it is possible to increase the coherence time of NV centers by
eliminating 13 induced noise. [28–30].

The electronic energy structure and absorption/emission spectra in
the triplet state manifold of the NV center are depicted in Fig. 1.2. The
broad vibronic bands mean that excitation and emission can occur at dif-
ferent wavelengths, thus enabling easy separation between them by using
dichroic mirrors or filters. Besides the direct optical transitions, there ex-
ists a nonradiative inter-system crossing to the metastable singlet state
which can further transition back to the triplet through another radiation-
free pathway. The fine structure spin Hamiltonian of the ground state
triplet level 3A2 takes the form:

Hgs = Dgs

(
S2
z − S(S + 1)/3

)
+ µBgS ·B, (1.1)

, where Dgs = 2.87 GHz is the ground state finte-structure splitting. µB

is the Bohr magneton, B is the magnetic field vector. As was discussed in
the introduction, the ground spin state can be both initialized and read
out optically. The reason for this behavior can be understood by taking
another look at the NV energy structure Fig. 1.3.
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Figure 1.2: (Left) The electronic structure of the NV center. Solid ar-
rows depict optical transitions and dashed arrows represent non-radiative
transitions. The ground state is a spin triplet but it also has a metastable
singlet state accessible from the excited 3E state. The states are named af-
ter the Mulliken symbols of the irreducible representation associated with
the state. (Right) The emission (solid line) and absorption (dashed line,
reflected along the zero-phonon line at 637 nm) spectra of the NV center
[31].

The direct radiative relaxation is equally probable for all spin pro-
jections [32], however comparing the relative non-radiative relaxation rates
of ms = ±1 and ms = 0 magnetic sublevels [33] yields a value of

Γ0

Γ±1
≈ 0.53, (1.2)

indicating a strong preference of the ms = ±1 spin projection states to
relax back to the ground state through the singlet system. The 1E → 3A2

intersystem crossing exhibits only a weak spin projection dependence [34]
resulting in optical pumping of the ms = 0 state. This phenomenon also
accounts for the spin-projection-dependent fluorescence as the nonradiative
channel competes with the radiative decay path. As a result the state with
the lowest non-radiative relaxation contribution is the brightest.

Optically detected magnetic resonance of the NV cen-
ter

The simplest implementation of the NV center as a magnetic field sen-
sor is optically detected magnetic resonance (ODMR) spectroscopy. The
fluorescence intensity of the NVs is monitored as function of an applied mi-
crowave frequency. When on resonance, the microwaves induce transitions
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Dgs = 2.87 GHz

ms = ± 1 

ms = 0 

ms = ± 1 
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Des = 1.47 GHz
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3A2
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Figure 1.3: NV energy structure including the spin states. The excited
state ms = ±1 spin projections have a high probability to perform an
intersystem crossing to the singlet state while the transition back to the
triplet state exhibits far less dependence on the spin projection.
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between the ms = 0 and ms = ±1 spin states. As discussed in section 1.1
the ms = ±1 states exhibit a lower fluorescence level due to their higher
probability of non-radiative decay allowing one to determine the energy
difference between the two states. The levels are shifted (assuming all
other external field, strain, and temperature variables are controlled for)
according to the Zeeman term µBgB · S in Eq. 1.1. In almost all sensing
applications the zero-field splitting Dgs is much larger than the magnitude
of the magnetic field under investigation. This effectively means that only
the axial component of the field is detected, as off-axis terms contribute
to the energy splitting only in the second order. A typical experimental
setup for ODMR detection is shown in Fig. 1.4(a). The diamond is opti-
cally excited in an epifluorescent configuration, where the excitation and
fluorescence optical paths ar partially overlapped. The observed ODMR
spectrum depends on the angle between the NV center and the magnetic
field. In the case depicted in Fig. 1.4(b) the magnetic field is aligned along
one of the 4 possible NV axis. A symmetric resonance structure can be
observed where where the resonances at lower microwave frequencies cor-
respond to ms = 0 → ms = −1 transitions and the ones at higher MW
frequencies come from ms = 0 → ms = +1 transitions. The relative peak
amplitudes (magnitude of the external field assumed ∼200 G or less) fol-
low the relative concentrations of NV centers. There are three times as
many NV centers which are at some angle relative to the magnetic field
than those that are aligned with it which explains the 3:1 amplitude ratio.

It is possible to derive the transition frequency from the spectrum
from which, in turn, it is possible to obtain the amplitude of the magnetic
field. For example, if we consider the ms = 0 → ms = +1 transition the
magnetic field amplitude can be expressed as:

B =
ω −Dgs

γ
, (1.3)

where γ ≈ 2.8 MHz/G is the electron gyromagnetic ratio. The sensitivity
of an NV ODMR magnetometer η is determined by the signal contrast,
fluorescence intensity (the photon shot noise is the fundamental limit in
this experiment) and the resonance linewidth. The expression relating all
of these quantities to the sensitivity is:

η ≈ PFγ
∆ν

C
√
R
, (1.4)

where ∆ν is the ODMR resonance linewidth, C is the contrast, R is the
photon flux (number of detected photons per unit time) and PF is a nu-
merical constant ranging from 0.7 to 0.77 depending on the shape of the
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Figure 1.4: (a) A typical NV ODMR experimental setup. NV centers are
excited with a green laser while microwaves are supplied through a wire
or an antenna near the NV center. The excitation is focused and the fluo-
rescence collected by the same optical element - usually a high numerical
aperture objective. Any reflected green light is separated from the fluo-
rescence by a dichroic mirror. After that the fluorescence is transformed
into an electric signal by a photodiode. (b) An ODMR spectra in the case
where an external field is aligned along one of the four possible NV orien-
tations. The outermost peaks come from the aligned NVs while the inner
ones correspond to one of the three possible orientations which are at an
angle with respect to the applied magnetic field axis.

resonance (Gaussian or Lorentzian correspondingly). When performing
ODMR experiments one needs to be careful when picking the microwave
and optical powers. On one hand more power yields better fluorescence
and higher contrast but on the other it leads to power broadening of the
resonance [35]. When optimum conditions for both are met [15, 36] the
magnetometer sensitivity can be expressed as:

η ≈ PFγNV
1

C
√
RT ∗

2

., (1.5)

where T ∗
2 is the ensemble decoherence time - the characteristic time in

which information about the NV spin precession phase is lost (a more
detailed discussion on this topic can be found in the dissertation itself).
Pulsed techniques such as Ramsey, Hahn-echo, CPMG etc. have also been
realized in NV centers demonstrating enhanced sensing performance un-
der suitable circumstances. Regardless of the technique employed, longer
coherence times lead to more sensitive detectors; it is also a parameter
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that is strongly influenced by both the properties of the diamond and the
environement in which the diamond is placed.
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2 Characterization of relaxation rates in NV
centers

The main factor impacting the coherence time of NV centers is its inter-
action with other paramagnetic defects in the diamond.

To discuss these interactions the NV community has adopted the
language from the NMR field distinguishing two kinds processes. T1 de-
scribes the population (longitudinal) relaxation rate and T2 describes the
coherence (transverse) relaxation rate. In literature sub- and super-scripted
values are also often used (T1ρ, T ∗

1 , T ∗
2 etc.) for effective relaxation time

values that are different from the true relaxation times either due to the
measurement process itself perturbing the spin system (such as an inver-
sion recovery pulse introducing mixing effects in coupled systems [37]),
inhomogeneous broadening caused by external field gradients or continu-
ous driving fields applied to the spins.

In the previous chapter I mentioned that sophisticated CVD dia-
mond synthesis techniques allow to significantly reduce the concentration
of paramagnetic defects. One of the paramagnetic defects, that negatively
impacts the sensor performance, is the P1 center: a substitutional nitrogen
atom. Its’ unpaired electron couples to the NV center through magnetic
dipole-dipole interactions. On the other hand certain amount of nitrogen
is necessary to form the NV centers in the first place, significantly decreas-
ing the P1 concentration leads to lower defect density, lower fluorescence
intensity and worse sensitivity (term R in equation (1.5)). These consid-
erations mean that, in order to optimize the NV sensor performance, it is
important to achieve high P1 to NV conversion efficiency.

The contributions to the effective relaxation time can be written as
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[36]:

1

T ∗
2

=
1

T ∗
2 {electronic spin bath} +

1

T ∗
2 {nuclear spin bath}+

+
1

T ∗
2 {strain gradients} +

1

T ∗
2 {electric field noise}+

+
1

T ∗
2 {magnetic field gradients} +

1

T ∗
2 {temperature gradients}+

+
1

T ∗
2 {other} +

1

2T1
.

Spatial inhomogeneities in extrinsic parameters such as magnetic/electric
fields or temperature can be compensated for by appropriate experimental
design. Intrinsic factors such us strain inhomogeneities or other paramag-
netic defects can be addressed by optimum diamond synthesis conditions.
Eventually the fundamental limiting coherence time limiting factor is the
NV spin spin population relaxation time T1. If the defect concentration
is low at room temperature the population relaxation is mostly due to
phonon processes [38, 39] but as the NV center concentration increases
the NV-NV dipole-dipole couplings become more important. One of the
experiments discussed in the dissertation investigated the NV center pop-
ulation relaxation dynamics as a function of NV concentration observing
the transition from the phonon dominated to the dipole-dipole coupling
dominated relaxation regimes.

Experimental realization

To control for other external parameters such as paramagnetic impurity
concentration we used a Schottky field emitter electron source from a TEM
microscope to create vacancies in type 1b HPHT diamond with around
around 200 ppm of substitutional nitrogen. 13 spots on the same chip were
irradiated with different doses (same fluence) forming a layer between ∼7
µm and ∼ 20 µm thick.wo different approaches were used to estimate the
vacancy distribution: a Monte-Carlo simulation using the CASINO soft-
ware package [40] and from the total stopping power reported by ESTAR
[41]. The results from the Monte-Carlo method are shown in Fig. 2.1.

After irradiation the sample was heated in a nitrogen atmosphere
for three hours at 800◦C to facilitate vacancy diffusion and capture by sub-
stitutional nitrogen defects to form NV centers. A wide-field fluorescence
image of the irradiated spots is depicted in figure 2.2 and the corresponding
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35 micronsa) b)

Figure 2.1: CASINO simulation of 200 keV electron beam impacting a
100x100x100 µm diamond block. a) Trajectories of simulated electrons.
Color scale represents the energy of the electron. b) Averaged normalized
depth/energy distribution over 1000 simulated trajectories. Only electrons
retaining at least 90% of their initial energy can displace carbon atoms and
produce vacancies.

irradiation parameters are shown in table 2.1. The concentration estimates
were obtained by assuming a linear fluorescence intensity/concentration
dependence and scaling from a diamond with a known NV center concen-
tration of 10 ppm.

The T1 relaxation measurement pulse sequence and a typical signal
are shown in Fig. 2.3(a). It is a pulse experiment that begins by polarizing
the NV centers in the ms = 0 state by laser illumination. The system is
allowed to freely evolve for a time τ . Finally another laser pulse is applied
and the population distribution inferred from the observed fluorescence
intensity. The NV center is initially in the ms = 0 state, then, as it is
allowed to freely evolve it will approach thermodynamic equilibrium. At
room temperature the energy splitting between the spin sublevels is much
smaller than kBT so at thermal equilibrium all spin projection components
are populated with near equal probability. The system can alternatively
be initialized in either of the ms = ±1 states by applying a resonant mi-
crowave π pulse shortly after the laser pulse. By subtracting the relaxation
signals from the ms = 0 and either of the ms = ±1 sates it is possible to
cancel out the fluorescence from sources other than the aligned NVs (back-
ground fluorescence or the misaligned NV components). The relaxation
rate T1 can be obtained by fitting the relaxation signal with a stretched
exponential:

F (τ) ∼ e−(τ/T1)
β

, (2.1)
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Figure 2.2: A fluorescence image of the irradiated spots on the diamond.
The plot underneath the fluorescence image depicts the pixel value across
a line-cut through all of the points.

where F (τ) is the free evolution time τ dependent fluorescence signal, T1

is the effective decay time and β is a coefficient describing the distribution
of the relaxation rates. A lower value of β indicates a broader distribution.
If the NV concentration is low β = 1 and the individual relaxation time of
each NV center is the same as the effective time T1.

Fig. 2.3(b) depicts the experimental setup. The system consists of
an epifluorescence microscope, already described in section 1.2. The dia-
mond is placed a the center for three pairs of Helmholtz coils which con-
trol the magnetic field amplitude in the x, y and z directions. The laser
is pulsed by an acousto-optic modulator and the microwaves are switched
on and off by a solid-state switch. Both devices are controlled by a pro-
grammable TTL pulse generator with a 500 MHz clock frequency.

The Helmholtz enabled us to probe the T1 dependence on magnetic
field. The NV spin sublevel energy changes with the applied magnetic field.
In the case where the transition energy of two coupled defects matches they
can exchange energy with a corresponding flip in the spin projection. In
literature this is called flip-flop process as a spin flip in one defect induces
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Integrated Electron Electron Estimated
Fluorescence Dose Flux NV−

Spot Intensity Concentration
Nr. (arb. units) (C/cm2) (A/cm2) (ppm)
5 1400 1.76 5.6× 10−2 0.2
6 2600 3.36 5.6× 10−2 0.3
7 5700 6.72 5.6× 10−2 0.7
8 10000 13.6 5.6× 10−2 1.2
9 6300 27.2 5.6× 10−2 0.7
10 29000 54.4 5.6× 10−2 3.3
11 50000 108.8 5.6× 10−2 5.5
12 39000 208 5.6× 10−2 4.3
13 65000 400 5.6× 10−2 7.1
14 8300 9.76 4.1× 10−2 3.9

Table 2.1: Irradiation parameters for the different spots, Integrated (red)
fluorescence intensity and electron dose and estimated NV− concentration
for the different spots shown in Fig. 2.2.

a opposite signed flop (absent other effects angular momentum should
be conserved). The T1 dependence on the external field is depicted in
Fig. 2.4(a). An increase in relaxation rate can be observed at zero field.
This can be explained by the fact that at zero field the energy matching
condition is fulfilled for off-axis NV centers as well increasing the number
of relaxation channels and thus decreasing the relaxation time T1.

Fig. 2.4(b) shows the relaxation rate and β parameter dependence
on the NV concentration. With increased NV concentration the relaxation
rate increases and the distribution of relaxation rates (inferred from the
β parameter). The increase in relaxation rate is near linear in concentra-
tion, which hints towards a dipole-dipole interaction dominated relaxation
mechanism. The interaction strength scales as r−3, where r is the distance
between to NV centers. This distance however scales as [NV]−1/3 and the
overall scaling is thus linear in concentration. This relaxation mechanism
also explaines the broadening in relaxation rates with increasing NV con-
centration. A simple model illustrates this well. Let us scatter 2000 and
3000 points randomly in a fixed volume. Fig. 2.5 shows a histogram of
interaction strengths defined as 1/r3, where r is the distance between a
defect and its nearest neighbor. One can easily see that both the aver-
age interaction strength and the width of the distribution increases with
concentration.

A puzzling feature is how subdued the zero field resonance is, since
there are 4 times as many relaxation partners than when the degeneracy is

14
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Figure 2.3: (a) T1 measurement pulse sequence and a typical fluorescence
dependence on the free evolution time τ . (b) Experimental setup to mea-
sure the relaxation time T1.
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Figure 2.4: (a) Relaxation rate 1/T1 as a function of NV concentration
and applied magnetic field. (b) Effective relaxation rate and β parameter
as a function of NV concentration.

lifted. Naively one would expect a proportional increase in relaxation rate
(especially for the higher concentration spots where the dipolar relaxation
contribution would be more significant). This can partly be explained by
consider the fact that NV centers aligned along the same direction have a
roughly 1.5× larger interaction energy than with those aligned along any
of the other 3 axis, but this should still cause a 3x increase in the relaxation
rate.

There are two effects that have not been accounted for in the ex-
periment and that might influence the relaxation dynamics. First, is the
NV charge state photodynamics. Under laser illumination the NV− center
has a probability of exciting the electron to the conduction band through
a two-photon process where it can diffuse away and change the charge
state of the defect to a NV0. The reverse process where the NV0 center
is converted back to NV− is also possible. The equilibrium ratio of the
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Figure 2.5: A histogram of interaction strength for 2000 and 3000 points
randomly distributed in a fixed volume. The x axis shows the interaction
strength and the y axis shows the frequency of points interacting with said
strength with another defect.

two defects are dependent on the duty cycle of the applied laser illumina-
tion which changes by sweeping the free evolution time. To study this in
more detail it would be necessary to monitor the spectra of the fluores-
cent radiation and compare the relative intensities of their respective zero
phonon-lines.

The second effect that has not been accounted for is the formation
of self-defects in diamond during electron irradiation. It is assumed that
the vacancies formed during electron irradiation either form NV centers
or are annealed out, however, it is possible that multi-vacancy defects are
formed (two or more vacancies occupying adjacent lattice sites). Multi-
vacancy defects are stable even at elevated temperatures and have low
diffusion coefficients. These defects are also known to be paramagnetic
possibly decreasing the NV relaxation times. To isolate this effect it would
be useful to spatially correlate the T1 relaxation rates with birefringent
activity indicative of lattice damage.
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3 Magnetic microscopy with NV centers

A wide array of magnetic phenomena manifest itself only at the microscale.
The research fields interested in understanding micro- and nano-magnetic
behaviour range from geology [42], study of superconductive materials [43],
spintronics [44] and medicine/biology [45]. Commonly used bulk magne-
tometry cannot capture these small scale effects. Existing micro-scale
techniques each have their own drawbacks: magnetic force microscopy
while having AFM spatial resolution is limited in terms of field of view
(typically < 100 µm) and poor sensitivity (> 10 µT). SQUID based mi-
croscopes suffer from poor spatial resolution (∼ 150 µm [46] when working
with room-temperature samples. Magneto-optical Kerr effect (MOKE)
microscopes need Faraday-active samples or deposition of such a layer on
top of the sample which might perturb the system in hard to predict ways
and is generally incompatible with biological systems.

The spatial resolution of a properly engineered ensemble diamond
sensor is is limited only by diffraction. This enables microscale magnetic
resonance imaging at room temperature with a reported volumetric DC
magnetic field sensitivity of 34 nTµm−3/2Hz−1/2 with a theoretical sensi-
tivity in the ∼ 100 pTµm−3/2Hz−1/2 pT range [15] while keeping the cost
of the setup under < 50k USD. To reach this kind of performance sev-
eral technical challenges unique to the diamond platform must adequately
addressed.

This chapter will discuss the basic working principles of a NV mag-
netic microscope, the best practices and technical challenges that need to
be addressed to reach peak sensitivity, give an overview of recent ground-
breaking work in the field, and discuss results from two specific imaging
experiments studying chains of magnetic micro-particles and the magnetic
properties of malarial hemozoin crystals.

Another intensively explored area of study in the field of NV quan-
tum sensors are single NV scanning tip microscopy. This chapter will,
however, omit any discussion on this subject focusing only on the mi-
croscopy detection modality.
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Basic components and principles of operation of the
diamond magnetic microscope

The basic building blocks of the NV magnetic microscope are similar to the
ODMR magnetometer discussed in section 1.2 and a typical setup (shown
in Fig. 3.1) bears many resemblances to the one shown in Fig. 1.4. The
procedure is also similar

• The magnetic sample is placed on top of the diamond. For micro-
and nano-scopic samples even small stand-off values can introduce
significant variations in the field strength at the NV-site so the de-
position protocols should be designed with care to ensure precision
and reproducibility.

• NV centers are excited and spin-polarized by green light either in an
epifluorescence configuration as shown in Fig. 3.1 or from the side as
shown in the the review by Levine and Turner et. al [46].

• An external field is applied along a particular NV axis (out of 4 pos-
sible directions) to simplify the spectra. Other configurations where
the field is placed the (100) direction of the diamond or indeed in
a random direction that does not lie in any of the symmetry planes
of the crystal are also sometimes used. The former yields a higher
sensitivity while working at low fields while the latter is useful in a
vector-magnetometer implementation. In NV ensemble magnetome-
ters some bias magnetic field is almost always applied as there is
always some transverse strain coupling the |ms = ±1⟩ resulting in a
poor sensitivity near zero field.

• The applied microwave frequency is swept in synchronicity with the
frame-rate of the camera. Usually this procedure is repeated many
times to achieve the desirable per-pixel sensitivity. The result is
a stack of fluorescence images at different applied microwave fre-
quencies from which the spatial magnetic field distribution can be
obtained.

There are however certain additional elements that are necessary to im-
prove the performance of the microscope. In order to illuminate homoge-
neously a reasonable portion of the field-of-view usually a lens or a lens
system is placed in the excitation beam path. The microwave field strength
should also be uniform across the sample to avoid sensitivity losses due to
power broadening (discussed in section 1.2). A commonly used and simple
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approach is using a circular microwave trace deposited on a microscope
cover-slip or the diamond itself. This ensures optical accessibility with
reasonable power delivery while still maintaining a low AC quality factor
- a pro rather than a con since power delivery uniformity across a broad
frequency range is more important than power delivery efficiency.

Diamdond and sample

MW source and ampli�er

Laser and beam-shaping optics

Beam dump

Dichroic mirror

Red �lter and 
tube lens

Camera and PC

Objective

DAQ or signal generator
for frequency sweep and
framerate synchronization

a) b)

Copper trace or wire
delivering MW radiation

Magnetic samples

Figure 3.1: The magnetic resonance imaging setup. a) The schematic of
an epifluorescence diamond microscope. The sample is usually placed on
top off the diamond while the microscope is inverted. b) Top view of the
diamond. The red area shows the illumination/fluorescence profile and the
brown line is a deposited copper trace surrounding the field of view.

The magnetic field information extracted from the frequency-synchronized
image stack can be understood by observing Fig. 3.2, which shows a sim-
ple model experiment where identical paramagnetic particles are placed
on top of the diamond and the |mS = 0⟩ → |ms = −1⟩ ground state spin
transition is addressed (this determines the sign of the resonance frequency
shift). As the frequency is swept closer to resonance the fluorescence in-
tensity decreases. This happens faster for the paramagnetic particles as
the field is slightly stronger in their vicinity and initially these regions ap-
pear dimmer. As the sweep continues these regions will eventually appear
lighter than the background as the resonance has already been crested for
the regions in the vicinity of the particles while the particle-free regions are
lagging behind. After the sweep is complete the local magnetic field value
can be obtained by performing per pixel fitting of the ODMR spectrum.
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Figure 3.2: Magnetic image formation. Top row shows the image on the
camera sensors corresponding to the detuning from resonance. Placed on
top of the diamond are several paramagnetic particles. The bottom two
rows show the fluorescence/MW frequency dependence for particle free
regions (black) and regions in close vicinity to the particles (blue).

Magnētisku daļiņu magnētiskā mikroskopija

The potency of the platform motivated the University of Latvia Laser
Center in collaboration with the Laboratory of Magnetic Soft Materials to
build a magnetic imaging microscope with the ultimate goal of studying the
dynamics of magnetic microswimmers, more specifically, a microswimmer
consisting of a chain of ferromagnetic and superparamagnetic particles con-
nected by a strand of protein. Controllable micro-scale devices have the
potential to significantly improve precision medicine through techniques
such as targeted drug delivery and the magnetic variety addresses one of
the key challenges in the field—sustained locomotion—by driving them
via an external magnetic field that can penetrate tissue. However, the in-
teractions between the different forces at play (fluid viscosity, elasticity of
the swimmer, magnetic dynamics within the beads, etc.) are complicated
and hard to decouple, a time-dependent magnetic field map could help
shed light of the magnetic dynamics of microswimmers. The first step was
obtaining the static magnetic field distribution of the particles forming
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the swimmers. The diamond sensor was manufactured from a (100) face
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Figure 3.3: (a) Simulētais vakanču-dziļuma sadalījums veicot 14N+ jonu
implantāciju dimantā ar kinētiskajām enerģijām: 10 keV, 35 keV un 60 keV.
(b) Histerēzes līkne superparamagnētiskām daļiņu tilpuma paraugam, kas
uzņemta ar vibrējošā parauga magnetometru. Sarkanā līnija ir piedzītā
Lanževēna funkcija, no kuras iespējams noteikt vidējo daļiņu magnētisko
momentu.

CVD type IIa diamond with a negligible nitrogen content. The chip was
implanted with 14N+ ions with 3 different energies—10 keV, 35 keV and 60
keV—creating a vacancy/nitrogen depth distribution shown in Fig. 3.3(a)
with a mean thickness of around 500 nm. Subsequent annealing at 800◦C
should not have caused any further broadening of the final NV depth dis-
tribution as the diffusion activation energy of substitutional nitrogen is
large. Three types of magnetic particles were used: 4- and 2- µm diam-
eter CrO2 ferromagnetic core-shell particles and 500-nm-diameter Fe2O3

superparamagnetic particles. The latter consist of a polystyrene shell that
encases an emulsified ensemble of Fe2O3 particles with a mean diameter
of ∼ 10nm. This means that the particles can still remain superparamag-
netic rather than ferromagnetic yet have a higher magnetic moment. The
ensemble properties were characterized by vibrating sample magnetometry
(VSM) shown in Fig. 3.3(b). The magnetic moments of the paramagnetic
particles were extracted directly from the magnetization curve by fitting
it with a Langevine function L:

L(α) = coth (α)− 1

α

α =
mH

kBT
,

(3.1)

where m is the magnetic moment, H, magnetic field, kB , Boltzmann con-
stant, and T , the temperature.
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The experimental setup and procedure is the same as described in
the previous section with one key difference. The applied biasing magnetic
field was directed not along a particular axis but along the [100] direction,
where the magnitude of the field projection on the NV axis is identical for
all 4 spatial directions. When working at small magnetic fields this yields
a better sensitivity due to the nearly four-fold increase in signal contrast.

The obtained results are shown in Fig. 3.4. As can be seen the corre-
lation between optical images and magnetic is very strong. Each particle
produces a magnetic field and particles show a spatial field distribution
characteristic of a dipole. It is also possible to estimate the magnetic mo-
menta of individual particles from these images. If we assume the particles
are ideal dipoles the magnetic field they produce can be written as:

B =
µ0

4π

(
3r(m · r)

r5
− m

r3

)
, (3.2)

where m is the magnetic moment, and r is a vector connecting the NV
center to the location of the magnetic dipole. The observed magnetic field
distribution is broadened due to the finite resolution of the microscope.
The original distribution is recoverable by deconvolving the magnetic im-
age. This is possible because the point-spread function can be faithfully
approximated with a Gaussian function with a full-width at half maximum
is 313 nm and which can be assumed to be constant acroos the whole field
of view. The Richardson-Lucy algortihm was used to perform the decon-
volution. Afterwards a nonlinear fit was performed to obtain the magnetic
moments with the following fit function function:

e[100] ·B =
µ0

4π

(
3e[100] · r(m · r)

r5
−

e[100] ·m
r3

)
. (3.3)

e[100] is a unit vector coincident with the direction of the applied bias
magnetic field and the surface normal of the diamond chip. The obtained
fit parameters are summarized in table 3.1. The obtained fit parameters

Particle type ferromagnetic ferromagnetic superparamagnetic
diameter d (µm) 4 µm 2 µm 500 nm

Expected |m| (Am2) 2.3× 10−13 2.6× 10−14 1.6× 10−15

Fitted z-d/2 (µm) 1.4± 0.1 1.3± 0.1 3.6± 0.1
Fitted |m| (Am2) (6.0± 0.1)× 10−14 (7.9± 0.2)× 10−15 (1.2± 0.1)× 10−14

Table 3.1: Magnetically relevant fit parameters for the different magnetic
particles investigated in this work.

exhibit several surprising features. First of all, the value of z − d/2 which
characterizes the sensor-source distance is significantly larger (especially
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Figure 3.4: ptical and magnetic images of 4 µm, 2 µm ferromagnetic and
500 nm superparamagnetic particles. The magnetic field measured in fre-
quency units f = γB, where γ = 2.803 MHz/G.
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for the superparamagnetic particle) than the expected value of ∼ 0 nm
where the particle is resting directly on the surface of the diamond. This
stand-off distance is not just a mistake due to the numerical procedures
employed as the observed magnetic features are also broader than sug-
gested by a simple forward model according to expression 3.2. A possible
culprit could be residual solute from the sodium azide and phosphate pH
buffer solution in which the particles were suspended. Based on the so-
lute concentration given by the vendor (correcting for a 50x dilution with
water—a part of the preparation process), the deposited volume of 10µL
would create a 1.2 µm thick layer of solid residue across the diamond
which is close to the fit values obtained for the ferromagnetic particles.
For the 500 nm superparamagnetic particles the discrepancy is even more
pronounced however exact solution composition for the superparamagnetic
particles is unknown precluding a similar analysis.

The magnetic moment values obtained from the fit also significantly
deviate from the ensemble measurements both over- and under-shooting
the expected values from ensemble measurements 4-10 times. While some
variation in the magnetic moment values is expected the results obtained
lie well outside the specification given by the manufacturer. These dis-
crepancies indicative of uncontrolled-for systematics in the experimental
setup.

This was the first setup of its type in Latvia and the as a result of
this research several key areas of improvement in the experimental design
were identified:

• It is important to take into account the decrease in optical power
density when illuminating a large field of view. Insufficient pumping
power leads to poor NV spin polarization and low ODMR contrast.

• Microwave and framerate synchronization should be done in hard-
ware rather than in software. The software implementation lead
to poor acquisition duty cycle and poor sensitivity in real terms.
Modern scientific cameras offer a wide variety of configurable event
triggers that can be used to significantly improve the measurement
up-time.

• Originally the microwave power was switched on and off in an al-
ternating fashion to enable normalization of the fluorscence image
against the case were no microwaves were applied. This was done
to suppress effects from a spatial inhomogeneity of the illuminating
laser. This procedure however had the adverse effects of causing me-
chanical vibrations in the sample and are a probable culprit for the
obtained broader-than-expected magnetic field distributions.
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Magnetic imaging of malarial hemozoin

The power of optimized experimental procedures was demonstrated in a
later work probing the properties of hemozoin [47]. Hemozoin is an or-
ganic crystal formed by blood-feeding parasites. Amongst such parasites
is Plasmodium that causes malaria. A product of the parasites digestion
of haemoglobin is heme, a substance toxic to cells and to the parasite it-
self. The parasite accretes free heme into insoluble hemozoin crystals to
avoid poisoning itself. Anti-malarial drugs disrupt the the formation of
hemozoin and cause the parasites to kill themselves. The NV diamond
microscope could theoretically probe the hemozoin formation/disruption
dynamics in living Plasmodium-infected cells. However, the first step is
to produce magnetic images of individual hemozoin crystals. The author’s
contribution to this work was limited to implementing the control and
automation software and discussing the results.

In this experiment a type Ib diamond with a [N]≈ 50 ppm was used.
It was electron irradiated and annealed forming around a 200 nm thick NV
layer near the diamonds surface. A 532 nm diode pump solid state laser
produced 200 mW of optical power at the exit of the objective. It was
focused to a spot 40 µm in diameter. The power density was thus around
500× larger than in the experiment described in the previous section. Mi-
crowave sweep-camera synchronization was realized in hardware, where
the camera sent periodic trigger pulses to a data acquisition card which in
turn generated a ramp voltage passed to the frequency modulation port of
the microwave generator.

The device demonstrated a per-pixel sensitivity of 8.4 µT Hz−1/2, an
order of magnitude improvement with the previous design. The obtained
magnetic susceptibility estimates for the hemozoin crystals agreed with
those reported in literature studying ensembles [48, 49].

The obtained results are shown in Fig. 3.5. These results demon-
strate the benefits of knowing the information on all the members of an
ensemble. Almost all the hemozoin crystals behave as paramagnets, show-
ing a linear response as a function of the applied field, however some of the
show superparamagnetic behavior - an effect easily missed in an ensemble
measurement.

The improvements in measurement quality and sensitivity in the
second iteration of the device provides an impetus to revisit efforts of
studying the magnetic dynamics of micro-swimmers.
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Figure 3.5: (a) Magnetic fields produced by individual particles (marked
in figure (b)) as a function of external field. Particle n4 shows both sat-
uration and generates a higher field - both properties indicative of super-
paramagnetism. (b) Magnetic image of hemozoin crystals deposited on
the diamonds surface at a bias field of B0 = 350 mT.
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4 Nuclear magnetic resonance spectroscopy
with NV centers

Measuring magnetic fields of submicron volumes might seem like an im-
pressive achievement but only begins to utilize the possibilities opened up
by NV centers. The ease with which NV centers can be coherently ma-
nipulated with microwaves, means that the AC sensitivity can be pushed
to the nano- and picotesla level. This opens up the possibility of chemi-
cal analysis of picoliter volumes using the techniques of nuclear magnetic
resonance (NMR).

While the information on the molecular composition and structure
obtainable from NMR spectra is very rich in detail, the technique imposes
strict demands on sensor performance. Both in terms of sensitivity when
detecting the nano- to pico-tesla signals and in terms of spectral resolution
which is in the parts-per-million to parts-per-billion range.

Most modern NMR spectrometers use sensitive induction coils to
detect the oscillating magnetic fields. Many research groups have worked
on coil geometries, accompanying electronics and experimental design op-
timization with the goal of shrinking the sensor volume and the necessary
amount of analyte. There are however fundamental restrictions related to
susceptibility mismatches and resonator quality factors that motivate the
search for alternative detection modalities.

The NV centers have already demonstrated magnetic detection with
optical resolution. Improvements in sensitivity from advanced measure-
ment protocols and diamond fabrication optimization could potentially
enable chemical investigation with optical resolution.

This section will give a brief introduction to the basic physical con-
cepts underlying NMR spectroscopy and summarize two NV NMR exper-
iments probing statistical and thermal nuclear spin polarization.
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NMR spectroscopy

In NMR spectroscopy the magnetic signals are produced by the magnetic
moments of the nuclei. If a nucleus has non-zero spin, it possesses a mag-
netic un angular momentum. If the spin is polarized transverse to and
external field it will start to precess around said field at the Larmor fre-
quency ω0 = γB, where γ is the gyromagnetic ratio. Each nucleus has
a unique gyromagnetic ratio which means that magnetic signals produced
by, for example 13C nuclei will appear at a different spectral band than
those produced by 1H nuclei.

This fact by itself does not explain how chemical information can
be inferred from NMR spectra, indeed, there are simpler ways to ascertain
the elemental composition of an analyte. The chemical information is
hidden at an energy scale much smaller than the Zeeman splitting, the
interactions of interest are chemical shift and J-coupling and are due to
the nuclei interacting with the surrounding electrons. Chemical shift arises
due to a small additional magnetic field component generated by electrons
moving in the applied bias field. This additional field is proportional to
the applied bias field and is usually given in relative units such as ppm.
J-coupling is a constant shift (independent of applied bias field) and arises
by nuclear-nuclear interactions mediated by the electrons in the bond (a
more detailed description is presented in the dissertation).

Fig. 4.1 shows the 1H NMR spectrum of ethanol. Three distinct
color-coded subgroups of peaks are visible. This separation arises due to
the different chemical shifts experienced by different nuclei. The finer split-
ting within each subgroup is due to J coupling. As can be seen even for
a simple molecule the NMR spectra is somewhat complicated. Interpreta-
tion of spectra made easier by two facts, first, the J-couplings are usually
spatially localized and diminish rapidly as the number of bonds between
interacting nuclei increase, second, the chemical shifts of most functional
groups are well known and vary little between compounds.

Statistiskās polarizācijas spektroskopija ar NV centriem

The first papers reporting on ensemble NV NMR signals from spins not
belonging to the diamond host [50, 51] exploited the effect that if the
effective sensing NMR is very small the stochastic polarization (i.e. the
probability that at any point in time there might be more spins pointing
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Figure 4.1: The 1H spectrum of ethanol.

along the +x direction than the -x direction) can become substantial. A
comparison between statistical polarization and thermal polarization (the
small net polarization due to the energy difference between the Zeeman
sublevels) for protons in water at two different field strengths is shown in
Fig. 4.2. As can be seen as the volume shrinks below 1 µm3 the field from
the statistically polarized protons rapidly increases.

The effective sensing volume of an NV center is determined by the
sensor-analyte distance. Fig. 4.3 shows a side-by-side view of two NV
centers at different depths. Each spin a magnetic dipole generating a field
that falls of as 1/r3 ∼ 1/V , where V is the sensing volume, the number of
statistically polarized spins scales as

√
V so the overall scaling of the signal

strength due to statistical polarization versus sensing volume is V −1/2. For
thermal polarization this quantity is constant as the number of polarized
spins is linear in volume and the overall signal strength is constant.

As the average NV depth must be very small this constrains the
average depth of the NV ensemble. This means that the amount of fluo-
rescence is also weak leading to a poorer shot-noise limited performance.
The results of this section come from a paper[7] trying address this chal-
lenge by nanostructuring the diamond surface in increase the NV density
per unit are while still maintaining the NV-surface distance small. This
was done by fabricated grating like structures (Fig. 4.4(a)) on the diamond
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duced by the target spins as a function of volume b) the number of polar-
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Figure 4.3: Effective sensing volume for NV centers at two different depths.
For shallow NVs the majority of the signal is contributed by a few strongly
interacting spins near the diamond surface.

surface. Fig. 4.4(b) shows the fluorescence intensity comparison between
a nanostructured and flat diamonds and Fig. 4.4(c) depicts a confocal im-
age of dye-stained water on top of the diamond showing good wetting and
penetration within the grooves.

An XY8-N correlation sequence was used to detect the AC mag-
netic field (more details in the dissertation). The time-dependent signal
from Fomblin oil (a viscous oil with high fluorine content) can be seen in
Fig. 4.5(a) and its Fourier transform is shown in Fig. 4.5(b). The minimum
detectable spin concentration in one second (defined as the spin concen-
tration leading to a signal-to-noise ratio of 3:1) is ρmin = 40 ± 2 × 1024

spins/liter which is equivalent to 4 picomoles for our addressed volume.
Unfortunately there is a fundamental issue plaguing statistical NV NMR.
It is illustrated in Fig. 4.5(c). To detect the frequency of the precessing
spin with a high spectral accuracy, the interrogation time must be long
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Figure 4.4: Nanostructured diamond surface for higher SNR. a) SEM im-
age of the etched grooves. b) Performance enhancement of nanostructured
vs flat diamond. The fluorescence level is significantly higher due to the
larger number of NV centers in contact with the analyte in the same field of
view. c) Confocal image of the diamond with dye-stained water dispersed
on top of it. The dashed lines represent the diamond-water boundary.

enough (∆t∆ω ≥ 1/2). The interrogation time is limited by the time it
takes for a nucleus to diffuse away from the NV detection volume. The
measurement time τ can be expressed as:

τ =
2d2NV

D
, (4.1)

where dNV is the depth of the NV center and D is the diffusion coefficient
of the analyte. This time can be extended by increasing the viscosity of
the fluid, but this eventually leads to broadening due to anisotropic dipole-
dipole couplings, which do not average away effectively if the molecule
tumbling rate is slow. The linewidths obtained for glycerol on this setup
are of kHz order. By working at very high fields (compared to most pub-
lished NV research) and using viscous samples Aslam et al. [52] did achieve
chemical resolution NV NMR spectroscopy but the technical complexity
of the experiment mostly outweighs any gains from the higher statistical
polarization.

Microscale sensing of thermal polarization

While promising on account of their larger SNRs, achieving a high spectral
resolution with this technique is an enormous technical challenge. As a
result, we decided to pivot to NMR based on thermally polarized spin
signals. These signals are much weaker, but do not suffer from the diffusion
issue as all the spins are in phase. The field magnitude generated by an
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Figure 4.5: (a) Time-domain NV NMR signal for Fomblin oil. (b) Fourier
transform of the signal shown in (a). (c) Nuclear spin diffusion away from
the NV center. This limits the correlation time between the NV center
and the nucleus fundamentally limiting the attainable spectral resolution.
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ensemble of thermally polarized spins can be estimated as:

Btherm ∼ µ0

4π

h2γ2B0ρ

4kBT
. (4.2)

The decoupling sequences for AC sensing described in the previous section
are hard to implement if the nuclear Larmor frequencies are larger than a a
100-200 MHz as the requirements on both pulse duration and power deliv-
ery become very stringent. For proton spins the equivalent field is around
2000 G. By plugging the variable into equation4.2 the field generated by
protons in pure water at this field is around 600 pT. To increase the signal
strength the NV sensors was integrated into a microfluidic system with the
goal of separating the polarization and sensing phases of the experiment.
A 1.5 T permanent magnet Hallbach array was used for polarization while
the detection of the signal was realized at 13 mT (generated by a pair
Helmholtz coils) where both the diamond sensor performance and field
homogeneity are much more easily optimized. The prepolarization prin-
ciple is depicted in Fig. 4.6. The analyte is first moved into the Hallbach
array where it is allowed to reach thermal equilibrium, then it is quickly
shuttled to the center of the Helmholtz coils. Quickly in this case means
in a time that is smaller than the T1 time of the analyte.

Polarization (1.5 T)

Microfluidic 
diamond chip

Detection (13 mT)

Helmholtz coilsHalbach array

Figure 4.6: The prepolarization setup. Analyte is flown through a high-
magnetic field area generated by a Hallbach array. The analyte polarizes
in this region and is then quickly shuttled (with a shuttling time lower
than the T1 of the analyte) to the sensing area.

The sensor parameters were calibrated on a water proton signal.
The obtained concentration sensitivity is ρmin ≈ 1.6 × 1025 and the ob-
tained spectral resolution is ∆ν = 0.65Hz multiple orders of magnitude
above the diffusion limit of the statistical technique. We believe that the
resolution bottleneck is the temporal stability of the current supply driving
the Helmholtz coils.
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Figure 4.7: Time domain (left column) and frequency domain (right col-
umn) NV NMR signals of (a) water, (b) trimethylphosphate (TMP), and
(c) 1,4-difluorobenzene (DFB). The signals are averages of ∼ 1000 traces
equivalent to a total acquisition time of ∼ 1 h. Each of the peaks are fit
with Gaussian functions to obtained the resonance frequencies. When fit-
ting the TMP data the peak amplitudes are constrained to be equal while
for DFB a 1:2:1 amplitude ratio is enforced.
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Figure 4.8: (A) Homonuclear COSY pulse sequence. (B) simulated spec-
trum. (C) Experimental NV NMR spectrum. (D) Modified heteronuclear
COSY sequence which shows off-diagonal peaks in both the simulation (E)
and experiment (F).

The high sensitivity and spectral resolution enabled us to perform
two-dimensional NV NMR spectroscopy on an external analyte for the
first time. There exists a broad range of multi-dimensional NMR tech-
niques but for this experiment we chose one of the technically least taxing
- a correlation spectroscopy (COSY) experiment on 1,4-difluorobenzene.
Two different pulse sequences were realized the spectra of which were first
simulated by unitary evolution of the density matrix and introducing relax-
ation by multiplying the oscillating spin projection expectation value with
a decaying exponential. Modeling was performed in the Matlab package
SPINACH [53]. The pulse sequences, modeled spectra and experimental
results are summarized in Fig. 4.8.
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5 Conclusions

The NV center in diamond has exceptional sensing capabilities and re-
search in the field has been actively pursued by a large number of research
groups worldwide. New detection modalities and performance improve-
ments in terms of scale, sensitivity, and resolution sometimes spanning
orders-of-magnitude are being published with a high frequency indicative
of the potential of the platform. Additionally the fields in which the NV
sensor is already being used as a sensor has also expanded considerably in
the last few years ranging from biology, to geology, to electronics and ma-
terial science. There are a large amount of tunable parameters and a wide
array of experiment design approaches that affect the sensor performance
and must be tailored to the particular problem under investigation. This
work explored both parameter and design spaces of NV sensors.

In the first part of this work the dependence of the relaxation dy-
namics on the NV center concentration was studied. The concentration de-
pendence of both the relaxation rate and rate distribution strongly hinted
at a dipole-dipole interaction based relaxation model. However there were
several features that still remain unexplained. First the amplitude of the
zero field resonance compared to the relaxation rate at non-zero field was
too small to be entirely explained by NV-NV dipole-Dipole relaxation. A
hypothesis was put forward suggesting that self-defects formed during the
electron irradiation could also play a role in the NV T1 relaxation. In
a future experiment it would be useful to spatially correlate relaxation
rates with regions of higher birefringent activity indicative of more lattice
damage.

Chapter of the dissertation discussed the NV magnetic microscope
that was employed to study the magnetic properties of ferro- and paramag-
netic beads with the hope of eventually studying time-dependent magnetic
signals. The obtained magnetic images showed good optical-magnetic cor-
relation but poor quantitative performance making us question whether
there might be some sources of systematic errors in the experiment. Sev-
eral key areas of improvement in the experimental design were identified
and it was shown that by implementing these steps a per-pixel sensitivity of
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8.4µT/Hz−1/2 could be achieved. These results are very promising and the
obtained sensitivity could enable time-resolved magnetic measurements of
micro-swimmers from ferromagnetic beads.

In the final chapter of this work the NV NMR spectrometer was
discussed. The magnetic sensitivity and spectral resolution realized was
good enough to enable the detection and publishing of the first-ever 2D
NV NMR spectra on an external analyte.
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