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Abstract

The Nitrogen vacancy (NV) center is a novel solid-state sensor for detecting magnetic
fields with high sensitivity and high spatial resolution at room temperature. Such a
magnetometer has potential applications in a variety of fields, including biomedicine,
neuroscience, and nanoscale magnetic resonance microscopy. In this thesis, we demon-
strate advances in biomagnetic sensing using an NV magnetometer with sensitivity of
50 pT

√
Hz in the low frequency range. Our experiments show the first magnetic

measurements of optogenetically activated action potential in mammalian muscle tis-
sue. We show that these measurements can be performed in an unshielded laboratory
and that the biological signal can be easily recovered by digital signal processing tech-
niques. In addition, we present the development of a miniaturized diamond NV
magnetometer with nanotesla sensitivity, suitable for detecting a variety of low-level
magnetic fields. Finally, we show the steps towards spatially resolving biomagnetic
fields in a proof-of-principle experiment using a camera with an integrated lock-in
amplifier.
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Resumé

Nitrogen-Vacancy (NV) centeret i diamant er en nyskabende sensor, der kan måle
magnetiske felter med høj sensitivitet og høj rumlig opløsning ved stue temperatur.
Denne magnetsensor har potentielle anvendelser i mange forskellige felter, inklusiv
biomedicin, neurovidenskab og nanoskala magnetisk resonans mikroskopi. I denne
afhandling demonstrerer vi fremskridt inden for biomagnetisk målinger, hvor vi an-
vender en NV magnetsensor med en sensitivitet på 50 pT

√
Hz i lav frekvensområdet.

Vores eksperimenter er de første magnetiske målinger af et optogenetisk aktiveret ak-
tionspotentiale i muskelvæv fra et pattedyr. Vi viser at disse magnetiske målinger
kan laves i et laboratorium, som ikke er magnetisk afskærmet og at det biologiske
signal let kan gendannes ved hjælp af digitale signal behandlingsteknikker. Yderligere
præsenterer vi udviklingen af en miniaturiseret NV diamant magnetsensor med nan-
otelsa sensitivitet, som er i stand til at måle svage magnetfelter fra en række forskellige
kilder. Til sidst viser vi vigtige fremskridt imod et proof-of-princlple eksperiment, der
kan måle biomagnetiske signaler med rumlig opløsning, hvor vi anvender et kamera
med en integreret lock-in forstærker.
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Chapter 2

Magnetometry With
Nitrogen-Vacancy Centers

Nitrogen vacancy (NV) centers in diamonds as magnetic field sensors were first pro-
posed in 2008 by Taylor et al. [24] and Degen [29] and shortly after demonstrated
with single NVs [26, 27] as well as ensembles [28]. NV center magnetometers have
been successfully applied in condensed matter physics [30], neuroscience and funda-
mental biology [31, 32], along with nuclear magnetic resonance [33, 34] and geo-
science [35]. Not limited only to measurements of magnetic fields, NV centers have
been also employed as sensors for other physical quantities such as pressure [36],
temperature [37] and electric fields [38, 39].

NV centers magnetometry can provide many advantages over SQUID and atomic
magnetometers, including superior ease of use and a higher spatial resolution. These
novel sensors are capable of detecting broadband signals from DC up to 100 kHz [40],
operating as high frequency magnetometers in the MHz range [41] or several GHz for
relaxometry measurements [42]. No cryogenics, vacuum systems, or strong magnetic
fields are required for this highly biocompatible sensor [43–46] that can be employed
over ambient temperatures and pressures and require only ∼10�3 T bias fields. By
virtue of these properties, NV sensors can be placed at distances of ∼1 nm from
field sources, providing nanometer-scale spatial resolution for applications such as
magnetic field imaging.
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Chapter 3

Experimental Framework

Our first experimental attempt to create an NV diamond magnetometer for biological
applications has seen the development of a miniaturized sensor (described in Chap-
ter 4). Such magnetometer, with dimensions 11x7x7 cm3 exhibited a sensitivity of
7 nT/

√
Hz over a bandwidth of 125 Hz by using a diamond cut at the Brewster angle

(67°). The limited sensitivity of this miniaturized detector was suitable for the de-
tection of magnetic fields arising from e.g. electrical power systems, but it could not
detect the extremely small fields generated from biological tissues.

There have therefore been multiple attempts to build a high-sensitivity detector that
could measure magnetic fields in the sub-nanotesla range. The methods presented in
this chapter refer to the last configuration that has been used to successfully sense the
magnetic fields generated by optogenetically triggered action potentials in mice. By
employing a cw-ODMR scheme in a wide-field microscopy setup, this configuration
allowed a bulk sensitivity of 50 pT/

√
Hz with a bandwidth of ∼10 kHz limited only

by relaxation time T�
2.

In parallel to the evolution of sensing experiments, methods have been developed
to spatially resolve biomagnetic signals in a wide-field configuration. With a lock-in
amplifier camera, proof-of-principle spatial resolution has been demonstrated for the
recovery of AC fields generated in micro-scale circuits. The details of these experi-
ments are described in Chapter 8.
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Chapter 4

Nanotesla sensitivity magnetic field
sensing using a compact diamond
nitrogen-vacancy magnetometer

4.1 Introduction

The development of a miniaturized diamond NV magnetometer is presented in this
chapter. With a compact sensor head of dimensions 11x7x7 cm3, efficient fluores-
cence collection is achieved by bringing the diamond into direct contact with an optical
filter and a photodiode. The diamond used in this work has sides cut at 67°, the di-
amond Brewster angle, in order to optimize transmission of 532 nm pump light. A
second cut at 22.7° directs the beam throughout the diamond’s width to maximize the
number of excited NVs. With a sensitivity of 7 nT/

√
Hz close to the shot-noise limit,

this flexible method for NV magnetometry is not limited to laboratory applications.

4.2 Publication

This section was published in Applied Physics Letters with the title of “Nanotesla
sensitivity magnetic field sensing using a compact diamond nitrogen-vacancy magne-
tometer” as follows:
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Chapter 5

Optimization of a Diamond Nitrogen
Vacancy Centre Magnetometer for
Sensing of Biological Signals

5.1 Introduction

Sensing biosignals is a powerful tool for clinical diagnosis and fundamental research.
Standard electrophysiology techniques typically rely on invasive probe sensors that
show poor spatial resolution and limited access to deep tissues. In the current chap-
ter, we present advances in the biomagnetic sensing field using a bio-compatible NV
diamond magnetometer with sensitivity of 100 pT/

√
Hz. With a solid-state sensor

that can operate at room temperature and in an unshielded environment, this setup is
suitable for a variety of different ex vivo systems, including brain slices or mammalian
muscles. A discussion of the challenges of achieving such measurements is given, in-
cluding the filtering of external magnetic noise and temperature stability. Addition-
ally, the steps toward improving sensitivity using pulsed magnetometry schemes are
presented along with the steps towards wide-field NV imaging of biological signals.
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5.2 Publication

This section was published in Frontiers in Physics with the title of “Optimization of a
Diamond Nitrogen Vacancy Centre Magnetometer for Sensing of Biological Signals”
as follows:
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Chapter 6

Detection of biological signals from a
live mammalian muscle using an
early stage diamond quantum sensor

6.1 Introduction

Sensing electrical signals generated by action potentials passively and non-invasively
is crucial in biomedicine. Current techniques for passive sensing such as magnetoen-
cephalography and magnetocardiography make use of complex magnetometers that
can detect magnetic fields generated deep within the tissues. Although extremely sen-
sitive, these magnetometers such as SQUID or SERF, have the disadvantages of being
bulky, expensive as well as having limited bandwidth and poor spatial resolution.

In the next section, following the experimental methods described in Chapters 3 and
5, the first demonstration of magnetic sensing of action potential in mammalian mus-
cles is carried out. By employing a cw-ODMR scheme in a wide-field configuration,
action potentials in Extensor Digitorum Longus (EDL) muscle in mice are sensed si-
multaneously with a diamond NV sensor as well as probe electrodes. Pulsed blue LED
light is used to trigger muscle fibers to fire action potentials in mice that have been
genetically modified to express Channelrhodopsin-2, a light-activated cation channel.

The described methods are not limited to optogenetics studies and the measured sig-
nals can be easily recovered with digital signal processing techniques. Despite the
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need for high-power green laser pump, it is shown that the sample can be kept alive
and in close contact with the diamond sensor for many hours. By chemically in-
hibiting the muscle contraction, while retaining the action potential propagation, it is
ensured that the measured signals are free from movement artifacts. The averaged
magnetic signals shows a noise level of ∼ 20 pT (Standard Deviation) and an action
potential peak amplitude of 300 pT, resulting in a signal-to-noise ratio of ∼15.

Although uncompetitive in terms of SNR with probe electrophysiology, this proof-of-
principle bulk experiment paves the way towards high-resolution imaging of electrical
activity in biological specimens.

6.2 Publication

This section was published in Scientific Report with the title of “Detection of biological
signals from a live mammalian muscle using an early stage diamond quantum sensor”
as follows:
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Chapter 7

Laser stimulation of muscle activity
with simultaneous detection using a
diamond colour centre biosensor

7.1 Introduction

Following the work described in the previous chapter, which employed LED light
to activate action potentials in genetically modified mice, the experimental results
obtained by combining focused laser stimulation with simultaneous magnetic field
sensing will be illustrated next. Based on these results, it is demonstrated that highly
localized and high intensity laser excitation of action potential can be achieved with-
out interfering with the sensing apparatus. Using this type of excitation could be an
essential tool for developing technologies for mapping neural activity and conducting
intracellular nanodiamond experiments.

It is shown that focused optogenetic stimulation can lead to stronger muscle con-
traction in EDL muscles in mice and the resulting movement can be detected as an
artifact in the optical readout. This contraction artifact could be suppressed by adding
2,3-Butanedione monoxime (BDM) to the bath chamber without affecting the prop-
agation of the compound action potential. The magnetic signal was recovered with
a spectral whitening algorithm used to remove the correlated noise produced by en-
vironmental sources. Finally, by using computer simulation and modeling of the
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examined system, new insights about the behavior of Channelrodopsin under intense
light stimulation are illustrated.

7.2 Publication

This manuscript was submitted to Biosensors and Bioelectronics with the title of
“Laser stimulation of muscle activity with simultaneous detection using a diamond
colour centre biosensor” as follows:
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Chapter 8

High speed microcircuit and
synthetic biosignal widefield imaging
using nitrogen vacancies in diamond

8.1 Introduction

For applications ranging from microscopic electronic circuit inspection to sensing of
biological signals, the ability to image electrical currents with high spatial and tem-
poral resolution without damaging the sample is essential. Nano-scale resolution of
electrical signals with bandwidth up to the kHz range can be accomplished by utilizing
NV centers in diamond, which can operate as a high density array of separate sensors.
In the following section, imaging of electrical currents in a litographycally patterned
circuit using a camera with integrated lock-in amplifier is demonstrated. The current-
induced magnetic fields generated both from a 130 Hz alternated current and from a
synthetic signal that replicates the shape of dendritic currents (Inhibitory Postsynaptic
Potentials, IPSP) in a mouse hippocampus are spatially resolved as a function of time
with a frame rate up to 3500 FPS. Although the sensor used in this study is not sen-
sitive enough to spatially resolve real biological signals, the given methodologies, in
combination with enhanced pulsed laser protocols and optimized diamond material,
could be a useful tool for mapping neural pathways.
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8.2 Publication

This manuscript was submitted to Applied Physics Reviews with the title of “High
speed microcircuit and synthetic biosignal widefield imaging using nitrogen vacancies
in diamond” as follows:
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Chapter 9

Sensing of Action Potentials from
Corpus Callosum in Mice

9.1 Introduction

The corpus callosum is the largest nerve tract in the brain, forming the principal
connection between the left and right cerebral hemispheres and it consists of more
than 200 million myelinated and unmyelinated nerve fibers. Myelinated axons are
larger and faster conducting than unmyelinated axons, which are more compact and
slower conducting [93].

A recent study on the agenesis of the corpus callosum in humans, a rare congeni-
tal disorder characterized by the absence of the corpus callosum, has suggested that
this particular nerve plays a crucial role in problem solving and verbal processing
speed [94]. Furthermore, a number of studies have demonstrated that structural
abnormalities of the corpus callosum in multiple sclerosis (MS) are associated with
attention deficits, limited information processing, memory decline, and impaired ex-
ecutive functions [95, 96].

From a clinical and diagnostic perspective, the corpus callosum harbors excellent
properties such as well-defined fiber orientation and borders, which limit the mixing
of different tissue types. Such properties are essential for the evaluation of injuries in
normal appearing white matter, abnormal areas of white matter which cannot be de-
tected with conventional MRI techniques [97, 98]. Due to these factors, being able to
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Chapter 10

Summary and Outlook

In this thesis, continuous-wave wide-field sensing of biomagnetic signals with NV
centers in diamonds was discussed. The first chapter introduced the field of magne-
tometry and it was followed by a brief description of the the properties of the NV
centers in the second chapter. An illustration of the experimental framework was
presented in the third chapter. Finally, the experimental results and current research
pursuits were described.

In Chapter 4 we have presented a miniaturized fiber-coupled NV magnetometer that
employed off-the-shelf components and a specially cut diamond to achieve a sensi-
tivity of 7 nT/

√
Hz. The main limitations for the size of the sensor were given by the

size of the internal optics, which could be further miniaturized. The diamond used in
this work was a commercially available crystal (Element Six) with low NV concentra-
tion (0.2 ppb). By employing a 12C purified diamond with increased defect density
via optimized doping, irradiation and annealing it would have been possible to boost
the NV absorption and therefore sensitivity. Balanced detection was achieved with
optical (manual) balancing of the fluorescence and reference powers, this could have
been improved with a custom-made electronically balanced photodetector. Due to
leakage of stray green pump light in the photodetector, further improvements in shot-
noise limited sensitivity could have been achieved by improving the optical filtering.
Overall, the sensitivity demonstrated by our sensor could allow a wide range of ap-
plications, especially due to its portability and to the biocompatibility of the diamond
that allows high proximity to the investigated sample. Other successful attempts to
miniaturize fiber-coupled NV magnetometers have seen the creation of portable sen-
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route, a number of aspects need to be further investigated, such as how irradiation and
annealing cannot increase N-to-NV- conversion efficiency without compromising the
preferential alignment [107].
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