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Summary

NMR spectroscopy At the time Felix Bloch and Edward Purcell detected radio fre-
quency signals, generated by nuclear spins, the huge impact of this observation was not
foreseeable [1, 2]. These experiments laid the cornerstone for the field of nuclear mag-
netic resonance (NMR) and deservedly lead to the Nobel prize award in the year 1952.
Outstanding properties of NMR are its non-invasiveness and its ability to detect unique
fingerprints of sample molecules. The two major applications are magnetic resonance
imaging (MRI) and NMR spectroscopy. MRI spatially resolves the nuclear spin density
in a sample and is routinely used in hospitals to image e.g. the human brain in-vivo
with a higher spatial resolution than any other imaging technique. NMR spectroscopy on
the other hand is recording resonances arising from intra- and inter-molecular couplings.
Observation of these frequency shifts based on e.g. the chemical shift effect or J-coupling
allows molecule structure analysis and has lead to the identification of millions of organic
molecules. In the case of 1H spins the chemical shifts can vary over a range of 13 ppm [3].
J-coupling between 1H spins is on the order of ≈ 10 Hz [3]. The applications of NMR are
widespread with investigated objects including the brain, bones, proteins, drugs, metals,
ceramics, superconductors or explosives [3]. The sensitivity of NMR is limited by the
thermal polarization of the nuclear spins which increases with the applied magnetic field.
For example 1H spins at a field of 3 T and T = 300 K exhibit a degree of polarization on
the order of 10−5. As a result the spatial resolution of NMR spectroscopy via micro-coils
has been limited to (3 µm)3 [4, 5]. This prevents e.g. the detection of single proteins,
where the titin protein, the largest known human protein, has a length of 1 µm [6]. Hence,
due to the required large amount of molecules in the detection volume, conventional NMR
spectroscopy yields an averaged signal and is not feasible to detect minor local modifica-
tions.
Different novel techniques have been employed with the goal to enhance NMR sensi-

tivity. One approach is to hyperpolarize the nuclear spins. The most prominent of the
hyperpolarization techniques is dynamic nuclear polarization (DNP) [7]. Here the higher
thermal polarization of one spin species (due to its larger gyromagnetic ratio) is trans-
ferred to spins with a lower degree of polarization. DNP and other hyperpolarization
methods are restricted to specific samples, require chemical reactions or low tempera-
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tures, thus hindering a universal application.
On the other hand novel magnetometers have emerged which do not rely on mag-

netic field detection based on pick-up coils. Three examples of such magnetometers are
atomic vapor cells (AVCs) [8, 9], superconducting quantum interference devices (SQUIDs)
[10, 11] and magnetic resonance force microscopy (MRFM) [12]. While the magnetic field
sensitivity of AVCs and SQUIDs can achieve values better than fT/

√
Hz, their spatial

resolution is additionally limited by their distance to the nuclear spins. On the other
hand the MRFM technique has demonstrated a detection volume on molecular length
scales [13]. Here the signal is not based on the thermal polarization but on the statistical
polarization which becomes significant on the nanoscale. The major drawback of MRFM
is its requirement to operate at cryogenic temperatures and under vacuum conditions.
Compared to ambient conditions the molecules’ properties do change significantly. Under
the mentioned conditions it is e.g. not possible to study living cells or dynamic processes
like protein folding.
Quantum metrology with NV centers in diamond The nitrogen-vacancy (NV)

center in diamond possesses an electron spin which can be optically readout and initial-
ized at ambient conditions [14]. The NV center is the combination of a substitutional
nitrogen atom and a neighboring vacancy in the diamond lattice. Its electron spin shows
longitudinal relaxation times (T sensor

1 ) reaching 6 ms [15]. The corresponding transversal
relaxation time (T sensor

2 ) [16] can be prolonged to the T sensor
1 time with a suitable dynam-

ical decoupling sequence [17, 18, 19, 20]. The NV electron spin is capable of sensing its
magnetic field environment due to its Zeeman and Hyperfine coupling terms. Applying a
dynamical decoupling sequence increases the relaxation time on one hand, on the other
hand the corresponding filter function can be tuned to resonate with nuclear spin tran-
sition frequencies. This has led to the detection of nearby single nuclear spins in the
diamond lattice [21, 22, 23]. By placing a NV center a few nanometer away from the
diamond surface, it is furthermore possible to detect external nuclear spins [24, 25]. The
achieved detection volume is e.g. (2 nm)3 and depends on the depth of the NV center in
the diamond [26]. The so far obtained NMR spectra only allow to distinguish between
different nuclear spin species [27]. Individual peaks corresponding to chemical shift or
J-coupling are covered by the 14 kHz broad (FWHM) NMR peak in the proof-of-principle
experiment [24]. Therefore molecular identification has so far not been possible with NV
center based NMR detection. The crucial parameter is the spectral resolution, which is
mainly limited by three time scales. The first limitation comes from the relaxation time
of the sensor spin (NV electron spin) itself. Once the sensor spin’s state has decayed, it
looses any correlation to the nuclear spins. Secondly the spatial diffusion of the nuclear
spins in a liquid sets a limit. When the nuclear spins diffuse out of the nm-scale detec-
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tion volume their signal becomes too weak to be detectable. These spins are replaced by
other nuclear spins diffusing into the detection volume. However each set of statistically
polarized nuclear spins varies in amplitude and phase and creates a different signal. The
third limit comes from the T ∗2 relaxation time of the nuclear spins. Stationary dipolar
coupling among nuclear spins in solid-state systems leads to a broadening of the NMR
peaks. Typically for organic molecules this results in a measured FWHM on the order
of 15 kHz. However in liquid samples dipole-dipole interaction is averaged out due to
molecular tumbling and diffusion. These three limitations have so far limited the spectral
resolution to around 14 kHz and correspondingly to 12,000 ppm (at B = 0.02 T) [24]. In
this work these limitations have been addressed with the goal of achieving a high spectral
resolution, sufficient to resolve chemical shift effects.
Results and conclusion The application of high magnetic fields has two advantages

for the goal of this work. First of all the frequency shift due to the chemical shift effect
is linearly proportional to the applied magnetic field [3]. Therefore high magnetic fields
facilitate the detection of chemical shifts. The second advantage is that high magnetic
fields prolong the relaxation times of single nuclear spins in the vicinity of the NV cen-
ter and thereby enable their use as memory spins. On the one hand the readout can
be conducted via these memory spins in a single-shot, which significantly increases the
sensitivity [28, 29]. And on the other hand novel schemes for sensing can be introduced,
which store the phase information on the memory spin’s long-lived population [30, 15].
In this work a magnetic field of 3 T is applied on a single NV center which translates

to spin transition frequencies of around 86 GHz. Due to the high resistance occurring at
these high microwave frequencies the commonly used coaxial cables and coplanar waveg-
uide boards cannot be utilized. Instead, rectangular hollow waveguides made out of metal
ensure low-loss transport of the microwaves. However this also means that the MW field
is distributed over a length scale of millimeters in these waveguides, in contrast to the
atomic length scale of the sensor. This cannot be compensated by higher MW power as
the currently available MW sources and amplifiers in the corresponding frequency band
provide less than 30 dBm. Consequently manipulating a single NV electron spin at a
frequency of 86 GHz is not straightforward. It requires the design of MW resonators
which are compatible with confocal microscopy. To this end two approaches have been
followed in this work. A transition from waveguide to a λ/2 antenna has been simulated
and the latter has been fabricated. The antenna has a resonance frequency and is addi-
tionally tapered in the center to increase the MW field locally. The achieved efficiency
of microwave-power-to-NV-Rabi-frequency conversion is CRabi = 27 MHz/

√
W. The sec-

ond approach is to couple to a cylindrical waveguide cavity. The produced cavity has a
TM110 mode with a resonance frequency of around 75 GHz. It is possible to place the
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diamond with the NV centers into the mode maximum. Here a microwave-power-to-NV-
Rabi-frequency efficiency of CRabi = 0.75 MHz/

√
W has been measured. Both approaches

allow the control of a single NV electron spin up to a field of 3 T.
With the novel resonator structures the magnetic field dependence of the 14N (NV

center) nuclear spin’s T1 time can be investigated up to a field of 3 T. Under continuous
readout, the T1 time of the 14N spin is primarily limited by hyperfine induced flip-flop
processes in the electronic excited state. The probability for the occurrence of these events
decreases quadratically with the applied magnetic field. Once the T1 time of the 14N spin
is longer than the spin measurement time, single-shot readout (SSR) becomes possible.
An approximate quadratic field dependence (up to 3 T) of the 14N spin’s T1 under con-
tinuous readout has been verified in this work. Moreover, at 3 T the readout fidelity of
SSR exceeds 99 % which is a crucial parameter for the application in quantum informa-
tion processing and quantum metrology. At 2.77 T, the 14N spin has a T1 time under
continuous readout of around 1 s and survives more than 330,000 readout laser pulses (of
300 ns length). In addition to this, the T1 time of the 14N spin has been investigated
in the absence of laser excitation. Interestingly the 14N spin shows two different decay
mechanisms, depending on the charge state of the NV center: NV0 and NV−. In the
case of the NV0 charge state the T1 time of the 14N spin scales quadratically with the
applied magnetic field and reaches 1.8 s at 2.77 T. The NV− charge state has a weaker
dissipating effect on the 14N spin and therefore enables a T1 time of 260 s at 1.5 T. Here
the hyperfine coupling in the electronic ground state of NV− is expected as the dominant
relaxation mechanism resulting in a quadratic field dependence of the 14N spin’s T1 time.
A quadratic scaling is however only observed for lower magnetic fields. At higher magnetic
fields the T1 time saturates. The additional relaxation process might be related to the
quadrupole coupling of the 14N spin. Nevertheless the 14N spin’s population represents
a suitable storage medium for quantum metrology purposes with its Tmem

1 time of 260 s
(at 1.5 T).
The main goal of this work is to achieve a high spectral resolution in NMR measure-

ments. To this end a novel quantum metrology sequence based on entanglement between
the sensor and the memory spin is introduced. Here, the NV electron spin as the sensor
spin acquires a phase induced by the magnetic field signal. The phase information is stored
on the nitrogen nuclear spin, the memory spin. Additionally the readout is performed
efficiently via the memory spin in a single shot. The sequence forms a quantum metrol-
ogy framework which allows implementation of arbitrary NMR sequences. The achievable
spectral resolution is governed by the Tmem

1 time of the 14N spin which translates to a
resolution of 1 mHz and 10−5 ppm (at 3 T). Moreover, the introduced quantum metrology
sequence separates detection and nuclear spin manipulation and therefore minimizes the
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relaxation induced by the sensor onto the sample spins.
For the detection of external nuclear spins the successful creation of shallow NV centers

is necessary. Therefore 15N+ ions are implanted into the diamond lattice with an energy
of 5 keV. The created NV centers have a distance to the surface ranging from 23 nm to
48 nm. Their T sensor

2 coherence times are comparable to NV centers in bulk diamond. As
a result, NMR detection of statistically polarized nuclear spins in liquid and solid sam-
ples, placed on top of the diamond, is demonstrated. In fact, the distance-dependence
of the NMR signal allows a precise determination of the NV center depth. This relation
also defines a volume, from where nuclear spins are contributing to 50 % of the NMR
signal, the detection volume. In this work a detection volume down to (18 nm)3 has been
demonstrated. This corresponds to 6 zeptoliters and 330,000 nuclear spins (spin density
of 58 nm−3). This is 12 orders of magnitude smaller compared to conventional NMR.
The spatial diffusion of nuclear spins through the nanoscale detection volume is investi-

gated for various liquid samples. For 1H spins in highly viscous polybutadiene a diffusion
time of TD = 5.4 ms is measured, with a 34 nm deep NV center. Furthermore, based on
the sensor-memory metrology probe, Ramsey experiments of 19F and 1H spins are per-
formed. NMR spectra are obtained of 19F spins in perfluoropolyether (PFPE) oil and of
1H spins in polybutadiene oil. The FFT of the measurement results resolves the expected
chemical shift splittings. The achieved spectral resolution of 1 ppm is mainly limited by
diffusion and dipolar coupling. These results mark the first chemical shift resolved NMR
spectroscopy on nanometer scale samples, at ambient conditions.
Solid-state samples are investigated on the nanoscale as well. Here, the correspond-

ing nuclear spins are not spatially diffusing. However the spin magnetization within the
nanoscale detection volume will still decay due to spin diffusion. For 1H spins in solid
ethyl-2-cyanoacrylate the corresponding decay time of 94 ms is measured, with a 44 nm
deep sensor spin. Furthermore high resolution solid-state NMR is conducted by employ-
ing homonuclear decoupling sequences like WAHUHA and MREV-8. This counteracts
the dipolar broadening and leads to a 17-fold enhancement in spectral resolution.
The demonstrated high spectral resolution, in conjunction with nanometer scale sample

volumes, can be utilized for nanoscale NMR imaging. Imaging can be conducted by a
scanning or a widefield approach. The advantage of the latter is its parallel operation on
an ensemble of NV centers e.g. located in a 100 × 100 µm2 field of view. In this scenario
however the spatial resolution will be limited by the diffraction limit of the optical mi-
croscope. For the wavelength range of NV− fluorescence, this translates to a resolution
limit of 267 nm. Two different approaches have been proposed and implemented in order
to overcome the diffraction limit: Stimulated emission depletion (STED) [31]/ Ground
state depletion (GSD) and Photo-activated localization microscopy (PALM)/Stochastic
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optical reconstruction microscopy (STORM) [32, 33, 34]. The inventors of these meth-
ods, Stefan Hell, Eric Betzig and William Moerner, have been awarded with the Nobel
prize for chemistry in the year 2014. STED exploits the non-linear optical response of
the emitters and restricts the area where fluorescence can be emitted. It is a scanning
technique and has already been implemented with NV centers in diamond [35]. On the
other hand PALM/STORM microscopy is performed in a widefield setup and has so far
not been applied to NV centers in diamond. This technique requires a stochastic switch-
ing of the emitters into an OFF state. This enables to localize the remaining emitters,
in the ON state, with an accuracy better than the diffraction limit. Recently, profound
knowledge about laser induced charge state switching of NV centers has been gained [36]
and identified as a suitable stochastic mechanism for PALM/STORM. This charge state
dynamics is exploited in this work for the first demonstration of STORM based super-
resolution microscopy of NV centers in diamond. Widefield illumination combined with
CCD imaging allows parallel detection of multiple NV centers in diamond. The achieved
spatial resolution of 27 nm represents a ten-fold improvement compared to the diffraction
limit. The resolution is mainly limited by the low photon collection efficiency and the
sample drift during the measurement. Improving on both parameters would result in a
resolution of around 10 nm. In contrast to STORM fluorophores, the NV centers possess
an electron spin. Thus STORM microscopy can be combined with magnetic resonance
techniques. Therefore the optical response of the NV center can be tagged with the indi-
vidual spin transition frequency. This has on one hand the advantage of further improving
the separation between individual NV centers. And on the other hand it enables widefield
NV sensing of e.g. nuclear spins with a spatial resolution beyond the diffraction limit.
Towards this goal, the STORM microscopy has been combined with ODMR in this work.
This allows the assignment of individual ODMR signals to super-resolved NV electron
spins with a magnetic field sensitivity of δB ≈ 190µT/

√
Hz. Improvement in sensitivity

can e.g. be achieved by increasing the photon collection efficiency and by using diamond
samples with a longer T ∗2 time. Due to the parallel signal acquisition, in a large field of
view, the sensitivity of STORM-ODMR can potentially exceed the achievable sensitivity
of scanning techniques.
Outlook In this work the control of a single NV electron spin has been extended to a

magnetic field of 3 T, which has benefits for different applications. The main challenge
in that regard has been the engineering of MW resonators capable of working up to 90
GHz. Applying a higher magnetic field increases the relaxation time of the nuclear spins
coupled to the NV electron spin. In quantum information processing the NV electron spin
qubit and nearby nuclear spins are envisioned to form a quantum register, which is more
robust against bit and phase flip errors [37] than a single qubit. The higher field not only
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increases the initialization fidelity of the nuclear spins in the quantum register, but also
allows to include more 13C spins to the register [38]. Moreover the thermal polarization
of the nuclear spins increases with the applied magnetic field, which can be beneficial for
NMR [39]. The same is true for signal coming from paramagnetic particles [40].
The detection of chemical shift peaks, stemming from nanometer scale sample volumes,

increases the importance of NV based NMR spectroscopy enormously. However this work
only shows proof-of-principle experiments, which need further improvements. For exam-
ple the measurement time for acquiring a NMR spectrum is on the order of hours (see
table A.3). Here, working with an ensemble of N electron spins, instead of a single spin,
would improve the sensitivity by a factor of

√
N and would significantly reduce the mea-

surement time.
Another improvable parameter is the spectral resolution. It is limited by diffusion in

liquid samples. This work has therefore been restricted to highly viscous samples. This
limit can be overcome by trapping the nuclear spins in nano-dimples [41] and thereby re-
stricting the diffusion within the detection volume. Another possibility would be to align
the NMR detection to the homogeneously distributed thermal polarization [39]. Conse-
quently diffusion would not be limiting the spectral resolution anymore. Additionally,
the transfer of the high NV electron spin polarization (92 %) to the nuclear spins is in
principle possible and would dramatically increase the NMR signal [42].
The samples investigated so far were of no particular interest for biologists or chemists.

However the future interdisciplinary collaborations could enable the attachment of bio-
logical samples to the diamond surface. The sensor-memory probe system would then be
able to image single molecules and yield their chemical composition. In general nanoscale
NMR imaging [43, 44] combined with detecting the fingerprints of molecules would have
a huge impact. The imaging method could be applied in a scanning modality or in a
widefield setup [45]. Single molecule imaging could be facilitated by electron spin labels
functioning as reporter spins [46]. Furthermore dynamic processes like protein folding
could in future be investigated by NV spin based NMR.
In the demonstrated NMR measurements only one-dimensional NMR sequences have

been applied. The quantum metrology sequence however is also compatible with more
sophisticated NMR sequences. For example two-dimensional NMR would be able to ana-
lyze interactions between nuclear spins. Moreover, the integration of more nuclear spins,
as memory spins, would allow the implementation of quantum algorithms resulting in
multibit information in each measurement step [38, 47].
Outline of thesis The thesis begins with an introductory chapter 1 about NMR spec-

troscopy. The basic principles of NMR are described. Moreover, the interactions within
the molecule and their effect on the NMR spectrum are explained. Finally the limitations
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of conventional NMR are revealed and the NV center as a nanoscale sensor at ambient
conditions is motivated. The chapter 2 introduces the NV center in diamond and de-
scribes its properties. Furthermore the experimental setup is explained in detail. Chapter
3 presents two approaches to conduct single electron spin manipulation up to a frequency
of 90 GHz. Both methods are evaluated by the efficiency to convert the available MW
power into Rabi oscillations of the NV electron spin. In chapter 4 the relaxation processes
of the 14N spin are investigated and analyzed. Specifically the magnetic field scaling of
the Tmem

1 time is measured up to a field of 3 T. Chapter 5 discusses nanoscale NMR
spectroscopy. It includes an overview of other NV based NMR studies and motivates the
need for improvement of the spectral resolution. Furthermore the quantum metrology
sequence based on sensor-memory entangled states is introduced. As the main result
NMR detection of nanoscale sample volumes in combination with chemical shift detec-
tion is demonstrated. Finally the method is compared to other techniques. The final
chapter 6 shows results of STORM microscopy of NV centers in diamond. In addition to
this STORM is combined with ODMR and its potential for magnetic field sensing with
super-resolution is discussed.
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Zusammenfassung

NMR Spektroskopie Zu der Zeit als Felix Bloch und Edward Purcell Radiowellen-
Signale von Kernspins detektierten, ahnte man noch nicht, welche Auswirkungen diese
Entdeckung für die Zukunft mit sich bringen würde [1, 2]. Diese Experimente legten
den Grundstein für das Feld der Kernspinresonanz und führten verdientermaßen zu der
Vergabe des Nobelpreises im Jahre 1952. Die herausragenden Eigenschaften der Kernspin-
resonanztechnik sind, dass diese nicht-invasiv und in der Lage ist, die einzigartigen mag-
netischen Fingerabdrücke von Molekülen zu detektieren. Die zwei Anwendungsfelder sind
die Magnetresonanztomographie (MRT) und die Kernspinresonanzspektroskopie (NMR
Spektroskopie). MRT ist in der Lage, die Spindichte innerhalb einer Probe räumlich
aufzulösen und wird alltäglich in Krankenhäusern genutzt, um z.B. das menschliche
Gehirn (in vivo) mit einer beispiellosen Auflösung abzubilden. Kernspinresonanzspek-
troskopie, auf der anderen Seite, misst die Resonanzfrequenzen, die von Wechselwirkungen
innerhalb einzelner oder zwischen mehrerer Moleküle stammen. Die Beobachtung dieser
Frequenzverschiebungen basiert z.B. auf dem Effekt der chemischen Verschiebung oder
der J-Kopplung und erlaubt die Analyse der Molekülstruktur. Dies hat zur Identifikation
von Millionen von organischer Moleküle geführt. Im Falle der chemischen Verschiebung
von Protonen-Spins liegt die maximal mögliche Frequenzverschiebung bei etwa 13 ppm
[3]. Auf der anderen Seite befindet sich die J-Kopplung zwischen Protonen-Spins auf
der Größenordnung von etwa 10 Hz [3]. Die Anwendungen der Kernspinresonanz sind
vielfältig. Zu den untersuchten Objekten gehören u.a. das Gehirn, Knochen, Proteine,
Medikamente, Metalle, Keramik, Supraleiter und Sprengstoff [3]. Die Sensitivität der
Kernspinresonanz ist durch die thermische Polarisierung der Kernspins limitiert, die mit
dem angelegten Magnetfeld steigt. Protonen-Spins in einem Magnetfeld von 3 T und
einer Temperatur von 300 K weisen beispielsweise einen Polarisationsgrad von 10−5 auf.
Entsprechend ist die räumliche Auflösung der Kernspinresonanzspektroskopie (mithilfe
von Mikrometer große Spulen) auf etwa (3 µm)3 beschränkt [4, 5]. Dies verhindert zum
Beispiel die Detektion von einzelnen Proteinen, da das größte bekannte menschliche Pro-
tein, das Titin Protein, eine Länge von etwa 1 µm hat [6]. Aufgrund der großen An-
zahl an Molekülen im Detektionsvolumen, kann die konventionelle Kernspinresonanzspek-
troskopie nur ein gemitteltes Signal messen. Winzige lokale Änderungen der Probe bleiben
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Zusammenfassung

so verborgen.
Verschiedene neuartige Techniken sind mittlerweile mit dem Ziel in Erscheinung ge-

treten, die NMR Sensitivität zu erhöhen. Eine Vorgehensweise ist es, die Kernspins
zu hyperpolarisieren. Die berühmteste Hyperpolarisationsmethode ist die dynamische
Kernpolarisierung (im Englischen: dynamic nulear polarization, DNP) [7]. Hier wird
die höhere thermische Polarisierung einer Spin-Spezies (aufgrund eines höheren gyromag-
netischen Verhältnis) auf Spins mit niedrigerem Polarisierungsgrad übertragen. DNP und
andere Hyperpolarisationsmethoden funktionieren nur bei bestimmten Proben, benötigen
chemische Reaktionen oder können nur bei tiefen Temperaturen angewendet werden. Dies
verhindert eine universelle Anwendung.
Auf der anderen Seite wurden Magnetometer entwickelt, die nicht auf der Magnet-

felddetektion durch Spulen angewiesen sind. Drei Beispiele solcher Magnetometer sind:
eine mit Atomen gefüllte Dampfzelle (im Englischen: atomic vapor cells, AVCs) [8, 9],
eine supraleitende Quanteninterferenzeinheit (im Englischen: superconducting quantum
interference devices, SQUIDs) [10, 11] und das Magnetresonanz-Kraftmikroskop (im Eng-
lischen: magnetic resonance force microscopy, MRFM) [12]. Die Magnetfeld-Sensitivität
von AVCs und SQUIDs kann zwar Werte von fT/

√
Hz und besser vorweisen, die räumliche

Auflösung wird jedoch zusätzlich von dem Abstand zu den Kernspins eingeschränkt. Die
MRFM Methode hingegen hat ein Detektionsvolumen von molekularer Längenskala er-
reicht [13]. Hierbei basiert das Signal nicht auf der thermischen Polarisierung, sondern auf
der statistischen, welche für die Nanometerskala bedeutsam ist. Der große Nachteil von
MRFM ist jedoch, dass kryogene Temperaturen und Vakuumbedingungen zwingend er-
forderlich sind. Die molekularen Eigenschaften sind hierbei aber anders als unter Raumbe-
dingungen. Desweiteren ist es unter den genannten Bedingungen nicht möglich, lebende
Organismen oder Prozesse, wie die Proteinfaltung zu untersuchen.
Quanten Metrologie mit NV Zentren im Diamant Das Stickstoff-Fehlstellen

Zent-rum (im Englischen: nitrogen-vacancy, NV-center) ist im Besitz eines Elektronen-
spins, welcher unter Raumbedingungen optisch ausgelesen und initialisiert werden kann
[14]. Das NV Zentrum ist eine Kombination eines Stickstoff-Atoms und einer benach-
barten Fehlstelle. Sein Elektronenspin zeigt longitudinale Relaxationszeiten (T sensor

1 ) von
bis zu 6 ms [15]. Die entsprechende transversale Relaxationszeit (T sensor

2 ) [16] kann mithilfe
einer geeigneten dynamischen Entkopplungssequenz (im Englischen: dynamical decou-
pling, DD) bis zu der T sensor

1 Zeit verlängert werden [17, 18, 19, 20]. Der NV Elek-
tronenspin ist aufgrund seiner Zeeman und Hyperfine Kopplungsterme imstande, seine
magnetische Umgebung zu messen. Eine dynamische Ent-kopplungssequenz erhöht nicht
nur die Relaxationszeit, sondern hat auch eine entsprechende spektrale Filterfunktion,
die mit den Kernspins in Resonanz gebracht werden kann. Dies hat zur Detektion von
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im Diamant befindlichen Kernspins geführt [21, 22, 23]. Durch das Platzieren eines NV
Zentrums einige Nanometer von der Diamant Oberfläche entfernt, ist es ferner möglich
externe Kernspins zu detektieren [24, 25]. Das dabei erreichte Detektionsvolumen hat
eine Größenordnung von Kubiknanometern und hängt von der Tiefe des NV Zentrums im
Diamant ab [26]. Die bisher aufgenommenen NMR Spektren erlauben lediglich die Unter-
scheidung zwischen verschiedenen Kernspin Spezies [27]. Die in dem ersten NV basierten
NMR Experiment erreichte Halbwertsbreite betrug 14 kHz [24] und verdeckte damit in-
dividuelle Peaks von Effekten, wie der chemischen Verschiebung oder der J-Kopplung.
Deshalb war eine Identifizierung von Molekülen mit NV basierter NMR Detektion bisher
nicht möglich. Der entscheidende Parameter ist dabei die spektrale Auflösung, die primär
durch drei Zeitskalen eingeschränkt wird. Die erste Einschränkung kommt von der Re-
laxationszeit des Sensor Spins. Ist der Spinzustand des Sensors erst einmal zerfallen, so
verliert er auch jegliche Korrelation zu den Kernspins. Zweitens setzt die räumliche Diffu-
sion der Kernspins in Flüssigkeiten ein Limit, denn sobald die Kernspins aus dem wenige
Nanometer großen Detektionsvolumen heraus diffundierend sind, wird deren Signal zu
schwach, um es detektieren zu können. Diese Spins werden dann durch andere in das De-
tektionsvolumen diffundierende Kernspins ersetzt. Jedes Set an statistisch polarisierten
Kernspins variiert jedoch in der Amplitude und in der Phase und erzeugt so ein voneinan-
der abweichendes Signal. Die dritte Einschränkung kommt durch die T ∗2 Relaxations-zeit
der Kernspins. Stationäre dipolare Wechselwirkung unter Kernspins in Festkörpern sorgt
für eine Verbreiterung der NMR Linien. Typischerweise erwartet man für organische
Moleküle eine Halbwertsbreite von ungefähr 15 kHz. In Flüssigkeiten wird die Dipol-
Dipol Wechselwirkung hingegen, aufgrund von Rotation und Diffusion von Molekülen,
ausgemittelt. Diese drei Limitierungen haben die spektrale Auflösung bisher auf etwa 14
kHz und entsprechend auf 12.000 ppm (bei einem Feld von B = 0,02 T) begrenzt [24].
In dieser Arbeit wird gezeigt, wie diese Einschränkungen überwunden werden können.
Dabei wird eine für die Beobachtung der chemischen Verschiebung, notwendige spektrale
Auflösung erzielt.
Ergebnisse und Fazit Das Anlegen von hohen Magnetfeldern hat zwei Vorteile hin-

sichtlich des Ziels dieser Arbeit. Zum Einen steigt die Frequenzverschiebung, aufgrund
der chemischen Verschiebung, linear mit dem angelegten magnetischen Feld an [3]. Des-
halb wird die Detektion von chemischen Verschiebungen in Molekülen durch höhere Mag-
netfelder erleichtert. Zum Anderen steigen die Relaxationszeiten von Kernspins in der
Umgebung von NV Zentren. Diese Kernspins können infolgedessen als Speichermedium
genutzt werden. Daraus resultierend kann der Auslesevorgang des Kernspinzustands in
einem einzigen Messschritt (im Englischen: single-shot readout, SSR) erfolgen, was die
Mess-Sensitivität stark erhöht [28, 29]. Desweiteren ist es möglich, innerhalb von Mess-
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Sequenzen die Phaseninformation auf den langlebigen Eigenzuständen des Kernspins zu
speichern [30, 15].
Hierfür wird ein Magnetfeld von 3 T an einem einzelnen NV Zentrum angelegt. Das

heißt, dass die Spin Übergangsfrequenz bei etwa 86 GHz liegt. Aufgrund des, bei diesen
MW Frequenzen (<50 GHz), auftretenden hohen Widerstandes in den üblicherweise
genutzten Koaxialkabel, müssen stattdessen Hohleiter verwendet werden, die für einen
verlustarmen Transport von Mikrowellen sorgen. Das bedeutet wiederum, dass das Mikro-
wellen Feld, im Gegensatz zur atomaren Längenskala des Sensor Spins, über Millimeter
verteilt ist und dadurch zu einer ineffizienten Anregung des Spins führt. Dies kann nicht
durch höhere Mikrowellenleistung kompensiert werden, da zur Zeit erhältliche Mikro-
wellenquellen und Verstärker in dem entsprechenden Frequenzband eine Ausgangsleistung
von weniger als 30 dBm vorweisen. Somit ist die Manipulation von einzelnen NV Elektro-
nenspins bei einer Frequenz von 86 GHz nicht einfach. Die Entwicklung von Mikrowellen
Resonatoren ist erforderlich, die mit der konfokalen Mikroskopie kompatibel sind. Zu
diesem Zweck wurden zwei Ansätze in dieser Arbeit verfolgt. Zum Einen wurde ein Über-
gang von Hohleiter zu einer λ/2 Antenne simuliert und auch produziert. Die Antenne hat
eine Resonanzfrequenz und ist zudem in der Mitte verjüngt, um das Mikrowellen Feld lokal
zu erhöhen. Die erzielte Effizienz der Umwandlung von Mikrowellenleistung zu NV Rabi
Frequenz ist CRabi = 27 MHz/

√
W. Der zweite Ansatz ist die Kopplung zu zylindrischen

Hohlleiter Resonatoren. Der hergestellte Resonator besitzt eine TM110 Mode mit einer
Resonanzfrequenz von etwa 75 GHz. Es ist möglich den Diamanten, mit den darin befind-
lichen NV Zentren, in den Bereich des Moden-Maximums zu bringen. Die dabei erzielte
Effizienz von Mikrowellenleistung zu NV Rabi Frequenz beträgt CRabi = 0.75 MHz/

√
W.

Beide Ansätze erlauben die Kontrolle eines einzelnen NV Elektronenspins bis zu einem
Feld von 3 T.
Mit den neu entwickelten Resonatorstrukturen wurde die Magnetfeld Abhängigkeit der

14N Kernspin- (vom NV Zentrum) T1 Zeit bis zu einem Feld von 3 T untersucht. Bei
kontinuierlichem Auslesen, ist die T1 Zeit des 14N Kernspins hauptsächlich durch die Flip-
Flop Prozesse im angeregten elektronischen Zustand limitiert. Die Wahrscheinlichkeit für
das Auftreten dieser Prozesse nimmt quadratisch mit dem angelegten Magnetfeld ab.
Ist die T1 Zeit des 14N Spins länger als die Messdauer, ermöglicht dies ein Auslesen
des Kernspinzustandes in einem einzigen Messschritt. Eine annähernd quadratische Ab-
hängigkeit der 14N Spin T1 Zeit vom Magnetfeld, bei kontinuierlichem Auslesen, wurde
in dieser Arbeit bis zu einem Feld von 3 T nachgewiesen. Darüberhinaus wurde eine
Auslesegenauigkeit von mehr als 99 % erreicht, was für Anwendungen in der Quantenin-
formationsverarbeitung und der Quanten Metrologie von großer Bedeutung ist. Bei 2,77
T hat der 14N Spin eine T1 Zeit (unter kontinuierlichem Auslesen) von etwa 1 s und
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überlebt mehr als 330.000 Laser Auslese Pulse (mit einer Länge von 300 ns). Zusätzlich
wurde die T1 Zeit des 14N Spins in Abwesenheit von Laser Anregungen untersucht. In-
teressanterweise zeigt der 14N Spin hier zwei verschiedene Zerfallsverhalten, die von dem
jeweiligen Ladungszustand des NV Zentrums abhängen: NV0 und NV−. In dem Fall des
NV0 Ladungszustands, skaliert die T1 Zeit des 14N Spins quadratisch mit dem angelegten
Magnetfeld und erreicht 1,8 s bei 2,77 T. Der NV− Ladungszustand hat eine schwächer
dissipierende Wirkung auf den 14N Spin. Dadurch wird eine T1 Zeit von 260 s bei 1,5
T im Falle von NV− möglich. Die Hyperfein-Kopplung im elektronischen Grundzustand
von NV− wird hier als der dominante Relaxationsmechanismus erwartet und würde eine
quadratische Skalierung der T1 Zeit des 14N Spin mit dem Magnetfeld mit sich bringen.
Eine quadratische Abhängigkeit zeigt sich aber nur für niedrige Magnetfelder. Bei hohen
Magnetfeldern sättigt die T1 Zeit hingegen. Der zusätzlich auftretende Relaxationsprozess
könnte womöglich mit der Quadrupol Wechselwirkung des 14N Spin zusammenhängen.
Nichtsdestotrotz stellen die Eigenzustände des 14N Spins, mit der gemessenen Tmem

1 Zeit
von 260 s (bei 1,5 T), ein geeignetes Speichermedium für Quanten Metrologie Messungen
dar.
Das Hauptziel dieser Arbeit ist es, eine hohe spektrale Auflösung in NMR Messungen

zu erreichen. Zu diesem Zweck wird eine Quanten Metrologie Sequenz eingeführt, die
auf Verschränkung zwischen dem Sensor Spin und dem Speicher Spin basiert. Der NV
Elektronenspin fungiert als der Sensor Spin und sammelt eine Phase auf, die durch das
Magnetfeld Signal erzeugt wird. Diese Phaseninformation wird auf dem Kernspin, dem
Speicher Spin, ge-speichert. Außerdem erfolgt der Ausleseschritt des Zustands mittels
dem Speicher Spin, effizient in einem einzigen Messschritt (SSR). Im Rahmen dieser Se-
quenz ist die Implementierung jeglicher NMR Sequenzen möglich. Die dabei erreichbare
spektrale Auflösung ist durch die Tmem

1 Zeit des 14N Spins begrenzt und liegt damit bei
etwa 1 mHz, bzw. 10−5 ppm (bei 3 T). Desweiteren separiert die Quanten Metrologie
Sequenz den Detektionsteil von der Kernspin Manipulation und minimiert dadurch die
Relaxationseffekte vom Sensor auf die Kernspins in der Probe.
Für die Detektion von externen Kernspins ist die erfolgreiche Bildung von NV Zentren

nahe der Oberfläche unerlässlich. Dafür werden 15N+ Ionen mit einer Energie von 5 keV
in den Diamanten implantiert. Die so erzeugten NV Zentren haben einen Abstand zur
Diamantoberfläche von 23 nm bis 48 nm. Die zugehörigen T sensor

2 Kohärenzzeiten sind
vergleichbar mit denen von NV Zentren tief im Diamant. Damit kann das NMR Signal
von statistisch polarisierten Kernspins von auf dem Diamant platzierten Flüssigkeiten und
Festkörpern gemessen werden. Zudem kann die Abstandsabhängigkeit des NMR Signals
für die präzise Bestimmung der NV Tiefe genutzt werden. Durch diese Abhängigkeit wird
außerdem das sogenannte Detektions-volumen definiert, aus dem die Kernspins zu 50 %
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des NMR Signals beitragen. In dieser Arbeit betrug das minimale Detektionsvolumen
(18 nm)3. Dies entspricht sechs Zeptolitern, mit ins-gesamt 330.000 Kernspins (bei einer
Spindichte von 58 nm−3). Das ist zirka 12 Größenordnungen geringer als bei der konven-
tionellen NMR notwendig.
Die Diffusion der Kernspins durch das Nanometer große Detektionsvolumen wird für

verschiedene Flüssigkeiten untersucht. Für 1H Spins im hoch viskosen Polybutadiene
wird mithilfe eines 34 nm tiefen NV Zentrum eine Diffusionszeit TD von 5.4 ms gemessen.
Desweiteren werden, basierend auf der Sensor-Speicher Metrologie Sequenz, Ramsey Ex-
perimente von 19F und 1H Spins durchgeführt. NMR Spektren wurden von 19F Spins in
Perfluoropolyether (PFPE) Öl und von 1H Spins in Polybutadiene Öl aufgenommen. Die
Fourier Transformation (FT) der Messresultate zeigt klar die jeweils erwartete Frequen-
zaufspaltung aufgrund der chemischen Verschiebung. Die dabei erzielte spektrale Auflö-
sung von 1 ppm ist hauptsächlich durch Diffusion und dipolare Wechselwirkung begrenzt.
Diese Resultate bedeuten die erstmalige Demonstration von Raumtemperatur NMR Spek-
troskopie von Nanometer großen Proben, bei gleichzeitiger Auflösung der chemischen Ver-
schiebung.
Festkörper wurden ebenfalls auf der Nanometer Skala untersucht. Dabei diffundieren

die entsprechenden Kernspins nicht räumlich. Es gibt jedoch die Spin Diffusion, die für
einen Zerfall der Spin Magnetisierung im Nanometer großen Detektionsvolumen sorgt.
Für 1H Spins im festen Ethyl-2-Cyanoacrylat beträgt die entsprechende Zerfallsdauer 94
ms, gemessen mit einem 44 nm tiefen Sensor Spin. Zudem wurden, zwecks hochauf-
lösender NMR Spektroskopie von Festkörpern, Homonukleare Entkopplungssequenzen,
wie WAHUHA und MREV-8 angewandt. Diese wirken der dipolaren Verbreiterung ent-
gegen und führen zu einer 17-fachen Verbesserung der spektralen Auflösung.
Die demonstrierte hohe spektrale Auflösung in Nanometer großen Proben, kann für

die NMR Bildgebung auf Nanoskala genutzt werden. Bildgebung wird üblicherweise ent-
weder durch einen Scan- oder durch ein Weitfeldmikroskop implementiert. Der Vorteil
des Weitfeldmikroskops ist die parallele Adressierung eines Ensembles von NV Zentren
z.B. in einem 100 × 100 µm2 großen Sichtfeld. In diesem Szenario ist die räumliche
Auflösung aber durch das Beugungslimit von optischen Mikroskopen limitiert. Für den
Wellenlängenbereich der NV− Fluoreszenz bedeutet das ein Auflösungslimit von 267 nm.
Zwei Ansätze zum Überwinden des Beugungslimits wurden vorgeschlagen und implemen-
tiert: STED (Stimulated emission depletion) Mikroskopie [31]/GSD (ground state deple-
tion) Mikroskopie und PALM (im Englischen: Photo-activated localization) Mikroskopie
/STORM (im Englischen: Stochastic optical reconstruction) Mikroskopie [32, 33, 34].
Die Erfinder dieser Methoden, Stefan Hell, Eric Betzig und William Moerner, wurden
im Jahre 2014 mit dem Chemie-Nobelpreis ausgezeichnet. STED nutzt die nicht-lineare
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optische Antwort der Emitter aus und schränkt den Bereich ein, aus der Fluoreszenz
emittiert werden kann. Es ist eine Scan-Technik, die bereits an NV Zentren im Dia-
mant demonstriert wurde [35]. PALM/STORM Mikroskopie, auf der anderen Seite,
nutzt ein Weitfeldmikroskop und konnte bisher nicht auf NV Zentren angewandt werden.
Diese Technik benötigt einen Prozess zum stochastischen Ausschalten der abzubilden-
den Emitter. Die restlichen Emitter, im angeschalteten Zustand, können dann mit einer
Genauigkeit weit unterhalb des Beugungslimits lokalisiert werden. Vor Kurzem konnte
tiefer gehende Kenntnis über laser-induzierte Ladungszustands Dynamik von NV Zentren
erlangt [36], und als geeigneter stochastischer Prozess für PALM/STORM ausgemacht
werden. Diese Ladungszustands Dynamik wird in dieser Arbeit verwendet, um zum
ersten Mal STORM basierte hochaufgelöste Mikroskopie von NV Zentren im Diamant
zu zeigen. Weitfeld Beleuchtung kombiniert mit CCD Bildgebung erlaubt die parallele
Detektion von mehreren NV Zentren im Diamant. Die dabei erzielte räumliche Auflö-
sung beträgt 27 nm und ist damit eine zehn-fache Verbesserung im Vergleich zum Beu-
gungslimit. Die Auflösung ist hauptsächlich durch niedrige Photonen Detektions-effizienz
und dem, während der Messung, driftenden Diamanten, begrenzt. Eine Optimierung
beider Parameter würde eine Auflösung von etwa 10 nm ermöglichen. Im Gegensatz zu
STORM Fluorophoren, besitzen die NV Zentren zudem einen Elektronenspin. Deshalb
kann die STORM Mikroskopie mit Magnet Resonanz Techniken kombiniert werden. Die
optische Antwort des NV Zentrums kann hierbei durch die individuellen Spin Übergangs-
frequenzen markiert werden. Ein Vorteil ist, dass die räumliche Unterscheidbarkeit zwi-
schen individuellen NV Zentren steigt. Der andere Vorteil ergibt sich in NV basierten
Bildgebungs-Experimenten, wo z.B. die Kernspins mit einer räumlichen Auflösung besser
als das Beugungslimit detektiert werden könnten. In der Hinsicht wird in dieser Arbeit
STORMMikroskopie mit ODMR verknüpft. Das erlaubt die Zuordnung von individuellen
ODMR Signalen zu hochaufgelösten NV Elektronenspins mit einer Magnetfeld Sensitivi-
tät von δB ≈ 190µT/

√
Hz. Eine Verbesserung der Sensitivität kann z.B. durch eine

höhere Photonen Detektionseffizienz und durch Nutzung von Diamanten mit langer T ∗2
Zeit erreicht werden. Aufgrund der simultanen Signalerfassung in einem großen Sichtfeld,
kann die Sensitivität von STORM-ODMR potentiell, die von Scan-Techniken erzielten
Werte, übertreffen.
Ausblick Durch diese Arbeit wird die Kontrolle über den NV Elektronenspin bis zu

einem angelegten Magnetfeld von 3 T erweitert. Dies hat Vorteile für verschiedene An-
wendungen. Die zentrale Herausforderung, in dieser Hinsicht, war das Entwickeln von
Mikrowellen Resonatoren, die im Stande sind, bei bis zu 90 GHz zu arbeiten. Das An-
legen eines höheren Magnetfeldes erhöht die Relaxationszeit von Kernspins, die an den
NV Elektronenspin gekoppelt sind. In der Quanteninformationsverarbeitung können das

xxix



Zusammenfassung

NV Elektronenspin Qubit und benachbarte Kernspins ein Quantenregister bilden, welches
robuster gegenüber dem Auftreten von Bit und Phasen Flip Fehlern ist [37]. Das höhere
Magnetfeld erhöht nicht nur die Initialisierungsgenauigkeit der Kernspins im Quantenre-
gister, sondern ermöglicht zudem, das Register um weitere 13C Spins zu erweitern [38].
Desweiteren nimmt die thermische Polarisierung der Kernspins mit dem angelegten Mag-
netfeld zu, was für NMR Anwendungen interessant sein kann [39]. Dasselbe gilt für das
Signal von Paramagnetischen Teilchen [40].
Die Detektion der chemischen Verschiebung in Nanometer großen Proben erhöht die

Wichtigkeit der NV basierten NMR Spektroskopie enorm. Die hier gezeigten Experimente
zeigen zunächst einmal nur die Machbarkeit, bedürfen nun aber weitere Verbesserungen.
Zum Beispiel ist die Messzeit, um ein NMR Spektrum aufzunehmen, auf der Größenord-
nung von Stunden (siehe Tabelle A.3). Dabei würde das Miteinbeziehen von N Elektro-
nenspins, im Vergleich zu einem einzelnen Spin, die Sensitivität, um einen Faktor

√
N

verbessern und die Messzeit damit deutlich reduzieren.
Ein weiterer verbesserungsfähiger Parameter ist die spektrale Auflösung. Diese wird

durch die in Flüssigkeiten auftretende Diffusion begrenzt. Deshalb mussten die Proben in
dieser Arbeit zwingend eine hohe Viskosität aufweisen. Diese Einschränkung kann über-
wunden werden, indem die Kernspins in Nanometer großen Vertiefungen gefangen [41]
und damit die Diffusion innerhalb des Detektionsvolumen begrenzt wird. Außerdem gibt
es die Möglichkeit die NMR Detektion auf die in der Probe homogen verteilte thermische
Polarisation der Kernspins auszurichten [39]. Dabei würde die Diffusion die spektrale
Auflösung nicht mehr begrenzen. Zusätzlich ist es möglich die hohe NV Elektronenspin
Polarisation (92 %) auf die Kernspins zu übertragen und damit das NMR Signal drastisch
zu erhöhen [42].
Die bisher untersuchten Proben waren nicht von besonderem Interesse für Biologen

oder Chemiker. In Zukunft könnten interdisziplinäre Kollaborationen z.B. das Binden
von Molekülen an die Diamantoberfläche ermöglichen. Das Sensor-Speicher Spin Sys-
tem würde es dann erlauben einzelne Moleküle abzubilden und deren chemische Zu-
sammensetzung zu ermitteln. Im Allgemeinen wird die Kombination von NMR Bildge-
bung auf Nanoskala [43, 44] zusammen mit der Detektion von Molekül-spezifischen Fin-
gerabdrücken eine große Bedeutung haben. Das bildgebende Verfahren könnte dabei in
einem Scan- oder einem Weitfeld-Experiment [45] durchgeführt werden. Die Abbildung
von einzelnen Molekülen könnte durch Elektronenspin Marker erleichtert werden, die als
Reporter Spins fungieren würden [46]. Außerdem könnte die NV Spin basierte NMR
Technik in Zukunft dynamische Prozesse wie Proteinfaltung untersuchen.
In den dargelegten NMR Messungen wurden lediglich ein-dimensionale NMR Sequen-

zen eingesetzt. Die Quanten Metrology Sequenz ist aber auch kompatibel mit fortge-
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schrittenen NMR Sequenzen. Zwei-dimensionale NMR würde zum Beispiel in der Lage
sein, Wechselwirkungen zwischen den Kernspins zu untersuchen. Darüberhinaus kann die
Einbindung von weiteren Kernspins als Speicher Spins, die Implementierung von Quan-
ten Algorithmen ermöglichen. Daraus resultierend würde man mit jedem Messschritt eine
Multibit Information gewinnen [38, 47].
Gliederung der Arbeit Die Arbeit beginnt mit einem einführenden Kapitel 1 über

NMR Spektroskopie. Die grundlegenden Prinzipien von NMR werden hier beschrieben.
Außerdem werden Wechselwirkungen innerhalb des Moleküls und deren Auswirkungen auf
das NMR Spektrum thematisiert. Zuletzt werden in dem Kapitel die Einschränkungen der
konventionellen NMR aufgezeigt und das NV Zentrum, als ein bei Raumtemperatur funk-
tionierender Nano Sensor motiviert. Das Kapitel 2 stellt das NV Zentrum im Diamant vor
und beschreibt dessen Eigenschaften. Außerdem wird der experimentelle Aufbau im De-
tail erklärt. Kapitel 3 stellt zwei Ansätze vor, mit denen eine Manipulation von einzelnen
Elektronenspins bis zu einer Frequenz von 90 GHz möglich ist. Beide Methoden werden
anhand der Effizienz, die verfügbare Mikrowellenleistung in Rabi Oszillationen umzuwan-
deln, ausgewertet. In Kapitel 4 werden die Relaxationsprozesse des 14N Spins erforscht
und analysiert. Insbesondere wird die Magnetfeld Skalierung der zugehörigen Tmem

1 Zeit
bis zu einem Feld von 3 T gemessen. Kapitel 5 behandelt die NMR Spektroskopie auf
der Nanoskala. Dies beinhaltet eine Übersicht anderer NV basierter NMR Studien. Das
Kapitel regt zudem die Notwendigkeit der verbesserten spektralen Auflösung an. Weit-
erhin wird die Quanten Metrologie Sequenz vorgestellt, die auf verschränkte Zustände
zwischen dem Sensor und dem Speicher Spin basiert. Das Hauptresultat ist die NMR
Detektion von Proben auf Nanoskala in Kombination mit der Detektion der entsprechen-
den chemischen Verschiebung. Zum Ende des Kapitels wird die Methode mit anderen
Ansätzen verglichen. Das finale Kapitel 6 zeigt die Ergebnisse der STORM Mikroskopie
von NV Zentren im Diamant. Außerdem wird STORM mit ODMR kombiniert und die
Sensitivität der Magnetfeld Messung, mit hoher räumlicher Auflösung, besprochen.
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1. Nuclear magnetic resonance
spectroscopy

Atoms are consisting of electrons and nuclei which are bound together by electrostatic
coupling. Furthermore multiple atoms can be connected to each other by chemical bonds
and form a molecule. Understanding the exact molecular structure is important for var-
ious fields like medicine, chemistry or biology. Here the spin of the nucleus provides
a possibility to non-invasively probe the chemical composition. This is enabled by its
coupling to magnetic fields generated externally and within the molecule. The field of
research is called nuclear magnetic resonance (NMR) and is the main focus of this work.
In the first section 1.1 the reader is introduced to the basic principles of NMR. The

next section 1.2 explains the concept of relaxation and how it can affect the NMR mea-
surements. The experimental apparatus of conventional NMR spectroscopy is described
in section 1.3. Moreover the section includes an overview of the possible spin couplings
within a molecule and how they influence the measurement outcome. The limitations of
conventional NMR spectroscopy are described in section 1.4. Finally novel techniques of
pursuing NMR detection with a higher sensitivity are presented in 1.5.

1.1. Principles of NMR

Relativistic quantum mechanics derives a particle’s property called: the spin. It is the
intrinsic angular momentum of the particle. The spin vector is quantized along the z-
direction (according to the conventions). It also has a quantized magnitude which is
described by the nuclear spin quantum number I. Accordingly there is a nuclear spin
angular momentum operator I. In order to completely describe the state of a nuclear
spin, two observables need to be measured: The square of the angular momentum I2 and
the projection of the operator I along the z-direction Iz. The eigenvalues of I2 are [I(I+1)].
The square root of the eigenvalue yields the quantized magnitude of the spin:

√
[I(I + 1)].

On the other hand the eigenvalues of Iz are the nuclear magnetic quantum number mi:
mi = I, I-1, ..., -I with (2I+1) possible values.
Not every nuclei exhibits a spin. While a single proton and a single neutron each have
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1. Nuclear magnetic resonance spectroscopy

nuclear spin I γ [MHz/T] natural abundance
1H 1/2 42.576 99.985 %
19F 1/2 40.078 100 %
13C 1/2 10.71 1.1 %
2H 1 6.536 0.015 %
15N 1/2 -4.314 0.37 %
14N 1 3.08 99.63 %

Table 1.1.: The gyromagnetic ratio γ, the nuclear spin quantum number I and the natural abun-
dance of exemplary nuclear spin species.

a spin of 1
2 , the net spin of the nuclei will depend on the number of protons and neutrons

within the nuclei. An even number of protons and neutrons leads to no net spin in total.
Consequently either the number of protons or the number of neutrons or both need to be
odd in order to have a nuclear spin. In addition to this an odd mass number A (sum of
number of protons and of neutrons) leads to a half integer spin while for an even A the
spin is an integer. Isotopes of a chemical element have a different number of neutrons and
can therefore possess a differing spin. E.g. 14N has a spin of I = 1, while 15N has a spin
of I = 1

2 .
Each spin is associated with a magnetic moment which makes it susceptible to magnetic

fields. The magnetic moment operator µ and the corresponding nuclear spin angular
momentum operator I are related to each other:

µ = γ · I (1.1)

with γ as the gyromagnetic ratio of the nuclear spin. The gyromagnetic ratio differs from
nuclei to nuclei. Some examples can be found in table 1.1.
The magnetic moment of a nuclear spin interacts with magnetic fields, which results in

the nuclear Zeeman shift. Its corresponding Hamiltonian is:

HZeeman = −µ ·B0 (1.2)

with the applied magnetic field B0. The quantization axis of the nuclear spins is typically
defined by the applied magnetic field B0 which points along the z-direction.

HZeeman = −γ · Iz ·B0. (1.3)

Taking the nuclear magnetic quantum number mi into account leads to (2 I + 1) possible
energy levels in the presence of a magnetic field B0. The mi = 0 state is not sensitive
to an applied magnetic field and will therefore not shift with B0. The energy differences

2



1.1. Principles of NMR

between different mi levels depend on the gyromagnetic ratio γ of the nuclear spin. A
nuclear spin with I ≥ 1 shows a splitting even in the absence of a magnetic field due to
the quadrupole splitting. However for the presented study only nuclear spin species with
I = 1

2 are of interest.
The magnetic moment 〈µ〉 is the expectation value of the magnetic moment operator µ.

An applied magnetic field B0 causes a precession of the nuclear spins magnetic moment
〈µ〉 with the larmor frequency ωL:

ωL = −γ ·B0. (1.4)

The magnetic moment 〈µ〉 rotates around B0 on a cone with an opening angle. This angle
depends on the intial angle between µ and B0.
Nuclear magnetic resonance (NMR) is based upon the ability to create a resonance

between different Zeeman sublevels. This can be achieved by the application of an oscil-
lating magnetic field B1(t). These microwaves (MW) are linearly polarized and are weak
regarding their field strength. Hence it is sufficient to only consider the x-component
(transverse to B0) of B1(t). This leads to the time-dependent Hamiltonian:

H1 = −γ ·B1x · cos(ωt) · Ix. (1.5)

The selection rules only allow transitions with ∆mi = ± 1. Consequently the energy
difference between two Zeeman sublevels is:

∆E = γ ·B0. (1.6)

This matches the absolute value of the Larmor frequency ωL. Therefore resonance can
occur when the frequency of B1(t) is equal to ωL.
The magnetic moment operator µ of the spin does not only interact with external

magnetic fields but also with the magnetic field created by neighboring spins. Each
nuclear spin creates a dipole field Bdipole(r):

Bdipole(r) = µ0

4πγ
3 er(I er)− I e2

r

r3 (1.7)

with the magnetic moment µ0 and the unit vector er of the spins relative position r. If e.g.
a second nuclear spin is in the vicinity it can interact with Bdipole(r) of the first nuclear
spin. This interaction will result in the dipole-dipole Hamiltonian:

Hdd = −µ0

4πγ1γ2
3 (I1 er)(er I2)− I1 I2

r3 (1.8)

with the gyromagnetic ratios γ1,2 of the nuclear spins I1,2. Furthermore the vector r is
connecting the nuclear spins. The dipole-dipole Hamiltonian has a homogeneous and an

3



1. Nuclear magnetic resonance spectroscopy

inhomogeneous part. The inhomogeneous part leads to an additional splitting of the levels
on the order of the dipole interaction. On the other hand the homogeneous part results
in spin flip-flop processes between spins which lead to a broadening of lines. Typically
in a sample many nuclear spins are interacting with each other via their dipole field.
Each nuclear spin has a random orientation and therefore the generated dipole field will
be inhomogeneously spread over the sample. Consequently the resonance of the nuclear
spins is up- and down-shifted from the bare Larmor frequency. In a NMR measurement of
an ensemble of nuclear spins this will lead to the observation of dipolar broadened lines.
For samples with a higher spin density the obtained spectral linewidth will be broader
than for a lower spin density. The dipolar broadened NMR spectrum can therefore be
analyzed to extract information about the involved nuclear spins and their composition.
The discussed dipole-dipole coupling also causes an effect called spin diffusion. It

involves spin flip-flop processes between neighboring spins which can propagate over the
whole sample. Spin diffusion constants can be measured and contain information e.g.
about the spin-spin distances. E.g. in polymers spin diffusion lengths of 1 nm2ms−1 have
been measured [48].
In liquid samples the nuclear spins experience translational and rotational diffusion

relative to each other. Depending on the viscosity of the liquid these diffusion processes
occur slower or faster. The diffusion leads to an effect of averaging out the dipolar
coupling. This is called motional narrowing. Liquid state NMR therefore yields narrower
spectral lines than in the case of solid state samples.
It is important to understand the time-dependent behavior of 〈µ〉. Therefore the Bloch

equation is derived from a semi-classical model:

d〈µ〉
dt

= γ
(
〈µ〉 × B

)
. (1.9)

The discussion is limited to a spin system with two states but can be extended to more
levels. In equation 1.9 the previously discussed oscillating magnetic field 1.5 can be
added. Furthermore it is assumed that B points into the z-direction. This leads to the
three spatial components:

d〈µ〉x
dt

= γ
(
〈µ〉y B0 − 〈µ〉z B1sin ωt

)
(1.10)

d〈µ〉y
dt

= γ
(
〈µ〉z B1cos ωt− 〈µ〉x B0

)
(1.11)

d〈µ〉z
dt

= γ
(
〈µ〉x B1sin ωt− 〈µ〉y B1cos ωt

)
(1.12)

For a better visualization of the spin dynamics these equations are usually transformed
into the rotating frame. This means that the reference frame rotates around the z-direction
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1.2. Relaxation

with a frequency ω. In this case the oscillating magnetic field becomes static and the Bloch
equation changes to:

∂〈µ〉
∂t

= 〈µ〉 × [(ω + γB0)ez + γB1ex]. (1.13)

The dynamics of 〈µ〉 can be visualized by the Bloch sphere. The magnetic moment can
e.g. point exactly into the direction of B0 or into the opposite direction. These two
orientations correspond to the two eigenstates of Iz: |↑〉 and |↓〉. The radius of the Bloch
sphere is the magnitude of 〈µ〉. Superposition states between |↑〉 and |↓〉 can be populated
as well. These states can be described by the two angles θ and φ. While θ is the angle
between 〈µ〉 and the z-direction, φ is the angle from the x-axis in the xy plane.
In the case of resonant MW application, a magnetic moment 〈µ〉 starting in the |↑〉 state

rotates around the x-axis. At some point it reaches the xy-plane. The corresponding pulse
is named a π/2 pulse (because of θ = π/2). A longer pulse can switch the state to the
|↓〉 state. Here the pulse is called a π pulse. In fact, in a measurement the pulse length
can be varied and the corresponding result can be measured. Continuous driving leads to
oscillations between the |↑〉 and |↓〉 states, which are called Rabi oscillations.

1.2. Relaxation

NMR experiments are based on the detection of an ensemble of polarized nuclear spins.
The sum of the magnetic moment operators of all nuclear spins forms the total magnetic
moment operator. Its expectation value is called magnetization M and it can be treated
analogous to a single spin. In the presence of a magnetic field B0 the nuclear spins
will tend to align their orientation along B0 to reach the minimum of energy. However
the thermal energy counteracts this effect, especially at room-temperature. The thermal
energy is expressed by:

Ethermal = kBT (1.14)

with the Boltzmann constant kB and temperature T in K. Typically the Zeeman energy
is much smaller than the thermal energy resulting in a small number of polarized spins.
The ratio of spins in the |↑〉 (N|↑〉) and |↓〉 (N|↓〉) states is described by:

N|↑〉
N|↓〉

= e
− γB0
kBT . (1.15)

For a magnetic field of 3 T at room-temperature the ratio yields a value of ≈ 1 - 10−5.
Hence a large number of nuclear spins is required to produce a detectable signal.
In the previous section 1.1 the dynamics of the magnetic moment 〈µ〉 was discussed with

the help of Bloch equations. What has been ignored so far, but is observed experimentally
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1. Nuclear magnetic resonance spectroscopy

in NMR experiments, are relaxation effects. For this purpose two relaxation times T1 and
T2 can be introduced into the Bloch equation 1.9:

d〈µ〉x
dt

= γ
(
〈µ〉 × B

)
x
−
〈µ〉x
T2

(1.16)

d〈µ〉y
dt

= γ
(
〈µ〉 × B

)
y
−
〈µ〉y
T2

(1.17)

d〈µ〉z
dt

= γ
(
〈µ〉 × B

)
z
−
〈µ〉0 − 〈µ〉z

T1
(1.18)

with 〈µ〉0 being the value of 〈µ〉z which is reached after the T1 time.
Introducing the T1 and T2 times has the purpose to distinguish between longitudinal

and transversal relaxation. By longitudinal relaxation the decay of the z-component of
the magnetic moment is meant. After MW application the state of the magnetic moment
can be brought away from the thermal equilibrium. The system however will decay back
into the thermal equilibrium by energy exchange with the environment. This happens
exponentially with the characteristic decay time of T1. It can be measured by preparing
the spin in the |↓〉 state and probe its decay in time.
Transversal relaxation on the other hand is the exponential decay of the x- and y-

components of 〈µ〉 and its timescale is described by the T2 time in the Bloch equations
1.16 and 1.17. Measuring the T2 time is possible by creating a superposition state between
|↓〉 state and the |↑〉 state: 1√

2 (|↓〉 + |↑〉). Hence the magnetization M along the z
component is transferred into a magnetization along the transversal direction Mxy. This
is called coherence and the process of Mxy decay is named decoherence. The interaction
between spins leads to different resonance frequencies of the nuclear spins. As a result the
precession of the magnetic moment in the xy plane occurs fast for some nuclear spins and
slower for others. Because of this, after some time the nuclear spins precession will not
be synchronized to each other and the coherence will be lost. This causes a homogeneous
broadening in the NMR spectrum.
There is a second effect called inhomogeneous broadening which leads to decoherence.

The single nuclear spins all decay with the T2 time but with slightly different frequency.
The measurement is however performed on a large number of nuclear spins. Consequently
the differing frequencies will cause a destructive interference which leads to the T∗2 time.
The T∗2 time can be measured by the so called free induction decay (FID) or Ramsey

measurement. It begins with the initialization into one of the eigenstates. Afterwards a
π/2 pulse brings the magnetization into the xy plane. After a varied evolution time τ
a second π/2 pulse maps the state back to the eigenstate and is finally measured. The
resulting signal can oscillate due to the presence of nearby nuclear spins and decays with
the T∗2 time.
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1.3. Conventional NMR spectroscopy

It is possible to counteract the destructive interference effect with nuclear spins by
applying a π pulse in the center of the evolution time. This refocuses the evolution of the
spins and leads to a decay time of T2. The corresponding measurement is called Hahn echo
measurement [49]. Depending on the spin environment it can be necessary to apply more
π pulses within the evolution time. Many different sequences called dynamical decoupling
have therefore been introduced which further increase the T2 time [17, 18, 19, 20]. However
the ultimate limit is set by the T1 time.
In principle the discussed spin properties and measurement sequences can be applied

to electron spins as well.

1.3. Conventional NMR spectroscopy

Conventionally NMR detection is performed by Faraday pick-up coils analogue to the ex-
periment by Felix Bloch [1]. In a NMR spectroscopy experiment a sample typically with
(mm)3 of volume is placed in a magnetic field in order to achieve thermal polarization.
The magnetization M of the nuclear spins precesses around the direction of the magnetic
field B0. M and B0 are however oriented parallel to each other. Despite the rotation, M
appears stationary. Therefore no voltage can be induced in a pick-up coil. The solution
is to create a transverse magnetization by applying a π/2 pulse on the nuclear spins. The
resonant pulse can be generated by the coil itself. Precession of the transversal magneti-
zation generates an oscillating magnetic field. This induces an oscillating voltage signal
within the pick-up coil which can be detected. The signal decays with the T∗2 time. The
oscillating signal is fast Fourier transformed (FFT) which yields the desired NMR spec-
trum. The width of the observed peaks is 1/(πT∗2). For liquid state NMR the T∗2 times
can be on the order of seconds. Hence the corresponding linewidths are sub-Hz.
However the more prominent technique based on NMR is magnetic resonance imaging

(MRI). MRI is used in medicine e.g. to image human bodies. Compared to NMR spec-
troscopy MRI is an imaging method which applies gradient magnetic fields. The magnetic
field locally encodes information which can be read out voxel (the smallest detectable vol-
ume) by voxel. E.g. the spin density can be different over the sample. In addition to
this it is possible to weigh the detection with T1, T2 and T∗2 measurements. In this study
however the focus will be on NMR spectroscopy.
The goal of NMR spectroscopy is to non-invasively extract information about the chem-

ical composition of the sample. This is done by achieving a high spectral resolution in
the corresponding NMR spectrum. Each nuclear spin species exhibits a different gyro-
magnetic ratio (see table 1.1). The first obtainable information in a NMR spectrum is
therefore about the nuclear spin species. Furthermore solid state NMR exhibits a broad
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linewidth due to the stationary dipole-dipole coupling between the nuclear spins. Hence
the linewidth contains information about the spin-spin interaction. Moreover, spin dif-
fusion can be examined which yields information about the distance between the spins.
Liquid state NMR on the other hand shows smaller linewidths due to motional averaging.
Consequently it is easy to differentiate between a solid and a liquid sample. This can be
interesting when investigating bulk to surface interfaces [50].
NMR spectroscopy is capable of more sophisticated analysis of the chemical structure

of the sample. The resonance frequencies of the nuclear spins within the molecules are
additionally shifted by the local chemical environment. The most significant effects are:
chemical shift, quadrupole coupling, direct dipole-dipole coupling and J-coupling.
The chemical shift effect is the indirect coupling of the nuclear spins with the magnetic

field generated by the electrons. First a current is induced within the cloud of valence and
the bonding electrons by the external magnetic field. This current flow then generates
an additional magnetic field itself. This field usually shields the external magnetic field
resulting in a reduction of the nuclear spins resonance frequency. But it can also lead to
an increase of the resonance frequency. Since the electron density in a molecule is inhomo-
geneously distributed each nuclear spin can have a different chemical shift. The detection
of these chemical shifts therefore yields information about the chemical structure of the
molecule. E.g. the 13C spins in ethanol (CH3CH2OH) exhibit two different chemical
shifts (see figure 1.2). Furthermore the chemical shift is (in good approximation) linearly
dependent on the applied magnetic field.
The description by quantum-mechanics of the electrons yields two parts which play a

role in inducing the current flow [3]. The first is the diamagnetic term which refers to
circulating electrons in the electronic ground state induced by the external field. The
second term refers to circulating electrons in the excited state and is called paramag-
netic. Both have similar absolute values but differ in their sign. Therefore it is difficult
to quantitatively predict and understand the observed chemical shift [3]. The chemical
shift further depends on the angle between the orientation of the molecule and the applied
magnetic field [3]. It mostly occurs within a molecule, but it can also have a small effect
due to intermolecular interactions e.g. in different solvents. Additionally there might be
a deviation between the liquid and solid form of molecules.
The magnetic field of the used NMR spectrometer can be quite different. Therefore it

makes sense to define the chemical shift value field-independent:

δ = ω − ωref

ωref
(1.19)

with the Larmor frequency ω of the nuclear spins in the sample and of a reference com-
pound ωref. The chemical shift δ is a field-independent parameter and is typically given
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in parts per million (ppm ≡ 10−6). The chemical shift of the reference compound is set
to zero. Tetramethylsilane (TMS) is often used as the reference molecule for 1H, 13C and
29Si NMR. The advantages of using TMS are its weak chemical reactivity and its from
other molecules detuned resonance frequency. A small fraction of TMS within the sample
is sufficient to get a reference signal and to scale the chemical shift axis accordingly.
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Figure 1.1.: Chemical shift ranges in organic molecules. The range of 1H, 13C , 15N , 17O and
31P chemical shifts in organic molecules is given. The graphic is taken from [3] and the data is from
[51].

The chemical shift strength varies between different nuclear spin species and different
molecular sub-groups (see figure 1.1). The chemical shift range for the nuclear spin species
are (ordered downwards): 15N with ≈ 800 ppm, 17O with ≈ 600 ppm, 13C with ≈ 175
ppm, 31P with ≈ 27 ppm and 1H with ≈ 13 ppm. These different chemical shift values can
be explained i.a. by the following relations. Generally speaking the higher the electron
density is, the better the external magnetic field is shielded. Consequently the electro-
negativity of the atom plays an important role. Atoms with a higher electro-negativity
decrease the electron density at the position of the neighboring nuclear spin. This leads to
a smaller shielding effect. Furthermore low-lying excited states increase the chemical shift
effect. Atoms with a larger atomic mass usually have more low-lying excited states and
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therefore tend to show larger ranges of chemical shift. E.g. 209Pb can have a chemical
shift of up to thousand ppm. It is difficult to precisely calculate the chemical shift of
nuclear spins within a molecule. However there exist rules for specific molecule groups
such as Shoolery’s rule for methylene groups which can be used to estimate the chemical
shift [3].
The quadrupole coupling occurs only for nuclear spins with I ≥ 1 and leads to a split-

ting of levels even without any magnetic field. It is the coupling between the electric
quadrupole moment of the nuclear spin and the electric field gradient (EFG) at its posi-
tion. The latter depends on the symmetry of electron distribution and is large for a highly
antisymmetric distribution as can be the case e.g. in covalent bonds. Analogue to NMR,
nuclear quadrupole resonance spectroscopy (NQR) can be performed which yields infor-
mation about the EFG and consequently about the electron density distribution within
the molecule. In a liquid the quadrupole coupling averages out due to the traceless tensor
of the electric field gradient. However it still has an effect on the relaxation of the corre-
sponding nuclear spin.
Direct dipole-dipole couplings are as the name suggests direct interactions between the

nuclear spins. The equation describing the interaction has been introduced (see equation
1.8). This term can average out for nuclear spins in liquids due to motional averaging but
is relevant for nuclear spins in solids.
J-coupling on the other hand are indirect magnetic interactions between nuclear spins

mediated through bonding electrons. A nuclear spin interacts via hyperfine coupling with
the electrons of the chemical bond. This affects other nuclear spins which are connected
to the bonds as well and leads to a splitting of their energy levels. The effect can occur
for nuclear spins connected via a single bond but also on a long range with multiple bonds
involved. The magnitude of the J-coupling however typically decreases with the number
of involved bonds. J-coupling only occurs intramolecular. Besides the distance the shift
also depends on the bond and the torsional angle. Usually it is valid to say that for larger
bond angles the magnitude of the J-coupling is larger. The sign of the J-coupling can
vary as well. For a connection via a single bond the J-coupling is positive for nuclear
spins with the same sign of gyromagnetic ratio γ and negative for the opposite case. If
more than one chemical bond are involved then the sign will depend on the angle and
other parameters as well. The number of involved chemical bonds creating the J-coupling
is given as a superscript, e.g. in 1J.
The observation of J-coupling not only includes a simple shift in frequency but also

the occurrence of multiplets. For each nuclear spin the lines will split according to the
number of neighboring nonequivalent nuclear spins. For example in ethanol (CH3CH2OH)
the 13C spin of the CH2 group will interact via J-coupling with the two 1H spins in the
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same group. The interaction between the 13C spin and one of the 1H spins first results in
a splitting upwards and downwards. The shift in both directions is half of the J-coupling
magnitude. These two lines then again split because of the interaction of the 13C spin
with the second 1H spin (see figure 1.2). Because of the same shift in frequency the in-
ner line will have double the intensity. The three peaks form a triplet and their ratio in
intensities is 1:2:1. For a number n of interacting nuclear spins with I = 1

2 the number of
observable peaks will be (n + 1). Accordingly the interaction between the 13C spin and
the three 1H spins of the CH3 group leads to four peaks (quartet). In this case the ratio
of the peak intensity is 1:3:3:1.
The values of J-coupling are independent of the magnetic field. In the case of ethanol

the value for coupling between the 13C and the 1H spins in the CH2 group is 1JCH =
140.4 Hz. And for coupling between the 13C and the 1H spins in the CH3 group is 1JCH
= 124.9 Hz. The longer range interaction between the 13C spin of the CH2 group and
the three 1H spins of the CH3 is 2JCH = - 4.6 Hz. Typically values for the J-coupling are:
1JCH ≈ 135 Hz, 1JCC ≈ 50 Hz and 3JHH ≈ 7 Hz. In contrast to the direct dipole-dipole
coupling, the J-coupling does not average out in liquid state NMR. It represents a spectral
fingerprint for obtaining information about the chemical bond of the molecule: its angle
and distances. Liquid state NMR spectroscopy becomes very powerful when J-coupling
and chemical shifts are both detected and in consequence allows the reconstruction of the
whole chemical structure of the sample molecule. Typically this is possible because of the
high spectral resolution of NMR spectrometers reaching sub Hz.

1.4. Limitations

The NMR technique has gone through enormous developments since its invention. While
many properties could be further improved e.g. the spectral resolution, scientists have
failed to significantly improve the spatial resolution of the inductive based NMR (in the
last decades). It would e.g. be very interesting to achieve the NMR detection of a single
molecule or of a single nuclear spin, as this would allow new insights into various fields of
research. The effective molecular radius of glucose is 0.33 nm [52]. However conventional
NMR requires a large number of molecules within a sample in order to detect the NMR
signal. Conventional NMR spectroscopy typically uses sample volumes of (mm)3.
The reasons for the poor sensitivity are many fold. First of all the coils are large

compared to the aimed molecular scale. Consequently a smaller sample comes with a
larger distance to the coil. On the other hand an oscillating magnetic field produced by
the nuclear spins decreases with r−3 (distance r). Miniaturizing the coils is a solution
but has its limitations. For sub-mm coil diameters the self-resistance of the Faraday
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Figure 1.2.: 13C NMR spectrum of ethanol at a magnetic field of 4.7 T. The graph is from
[3].

coils becomes larger than the signal itself [53]. Using superconducting material would
be a solution but it prevents room-temperature (RT) operation. The sample and the
superconducting coil can be isolated from each other but this would significantly increase
the distance between them. So far the best achieved resolution with miniaturized coils is
(3 µm)3 [4, 5].
It has been pointed out that NMR detection relies on the thermal polarization. Hence

the polarization degree of 10−5 (B = 3 T and RT) sets a limit to the minimum number
of nuclear spins within a sample. On the other hand the statistical polarization is the
variance of the longitudinal magnetization which becomes relevant for a smaller number
of nuclear spins. At some critical point the statistical polarization can dominate over the
thermal polarization. Consequently it becomes very difficult to detect the signal based on
thermally polarized spins. Higher magnetic field strengths or lower temperatures increase
the thermal polarization. The currently most powerful superconducting magnet can create
a field of 32 T [54]. The low temperature operation on the other hand has the disadvantage
that it alters the properties of the sample.

1.5. Novel techniques in NMR

There are two approaches of increasing the sensitivity in NMR. The first approach is to
increase the signal coming from the nuclear spins by hyperpolarizing them. The second
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approach is to use a completely different sensor system apart from the detection based on
a pick-up coil.
Hyperpolarization methods allow to extend the signal strength beyond the thermal

polarization. Consequently low or zero field NMR spectroscopy becomes possible. Several
methods are used nowadays: Dynamic nuclear polarization (DNP) [7], spin-exchange
optical pumping (SEOP) [55] and parahydrogen-induced polarization (PHIP) [56, 57].
The most prominent method is DNP. DNP means the transfer of polarization from a
spin species with a higher gyromagnetic ratio γ to spins with a smaller γ [7]. Typically
the polarization transfer occurs from electron to nuclear spins. Because of the larger γ
the electron spins thermal polarization is e.g. 660 times larger than that of 1H spins.
In addition to this there are methods to further increase the degree of polarization of
electron spins e.g. by chemical reactions [58], spin injection [59] or optical pumping [60].
The polarization can be transferred by spontaneous cross relaxation via the hyperfine
interaction [61, 62] or by mixing of electron and nuclear spin states.
SEOP is used to polarize nuclear spins in noble gases like 3He or 129Xe which enhances

the imaging of human lungs [63]. Circularly polarized photons first interact with the
electrons of alkali-metal atoms and thereby polarize their spins. Subsequently inter-
atom collisions between alkali-metal electrons and the noble gases lead to transfer of
polarization.
Molecular hydrogen can occur in ortho or para configuration. In orthohydrogen (o -

H2) the two proton spins are aligned parallel to each other. For parahydrogen (p - H2) on
the other hand they form an anti-parallel orientation. The ratio between the two so-called
spin isomers increases dramatically in favor of parahydrogen when cooled below 30 K. The
spin state of parahydrogen is the singlet state (I = 0) 1√

2 (|↑↓〉 - |↓↑〉) which as such does
not generate a NMR signal. However there are two ways of transferring this spin order of
parahydrogen into measurable hyperpolarized nuclear spins. The first approach is to use
parahydrogen in hydrogenation reactions which adds hyperpolarized nuclear spins to the
target molecule [64]. The target molecule needs to be unsaturated before the reaction. The
second way is called Signal Amplification by Reversible Excitation (SABRE) [65]. Here
the spin order of parahydrogen is transferred indirectly by J-couplings of the molecule.
The introduced hyperpolarization methods are successfully used for specific samples

but cannot be applied universally.
Novel magnetometers have emerged which show a high sensitivity. Among them three

can be pointed out: atomic vapor cells (AVC) [8, 9], superconducting quantum interference
devices (SQUID) [10, 11] and magnetic resonance force microscopy (MRFM) [66].
In the AVC technique a vapor of alkali atoms is trapped in a cell. In a first step the

atoms inside the vapor are polarized. This is done with circularly polarized photons. Once
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a magnetic field is applied the magnetic moments of the atoms begin to precess around it.
As the next step linearly polarized photons can be applied to the alkali atoms for NMR
detection. Here the readout parameter is the tilt angle of the photons polarization. It
changes due to the precessing alkali atoms which is called Faraday rotation. The effect is
proportional to the magnetic field. The reached sensitivities of AVCs are aT/

√
Hz. AVCs

have been used in the context of measuring NMR signals [8, 9, 67]. However the typical
size of AVCs of cm3 hinders their application as a nm-scale sensor.
The DC SQUID is based on a superconducting loop which is divided by two Josephson

junctions. The Josephson junction is a thin insulating barrier where electrons can tunnel
through due to the Josephson effect. Once the incoming current exceeds the critical
current of the junction, a measurable voltage occurs across the junction. In the DC SQUID
version a DC current is applied constantly. Furthermore an external magnetic field B0

applied through the loop induces a screening current in the loop which compensates B0.
Quantum interference restricts the magnetic flux Φ through the superconducting ring to
be a multiple of the magnetic flux quantum: Φ0 = h/2e with the Planck constant h and
the elemental charge e. The induced current therefore adjusts the flux Φ to the next
multiple of Φ0. DC SQUID magnetometers have measured fields of aT strength [68] and
a noise floor of fT/

√
Hz [69]. Imaging with SQUID magnetometers have been performed

with a spatial resolution of 120 nm [70]. The disadvantage of SQUID magnetometers is
the requirement of low temperatures.
MRFM is a technique which combines the principles of atomic force microscopy (AFM)

with MRI [12]. A ferromagnetic tip is used on a cantilever. Its displacement is measured
by laser interferometry. The spins within the sample are experiencing the magnetic field
of the tip and an additional static field B0. The spins are manipulated by an oscillating
magnetic field with RF frequency. When the magnetic tip is brought close to the spins
a resonance can be generated by the RF frequencies which causes a force on the tip.
Consequently the oscillation frequency of the cantilever is shifted which can be detected.
It is important to reduce the Brownian motion of the tip as this leads to noise. This is
achieved by operating the MRFM setup at cryogenic temperatures (sub-K) and under
vacuum conditions. Due to the high sensitivity of the MRFM, detection volumes in the
nm3 scale are reached [13]. Furthermore MRI with nm resolution has been achieved [71]
and even detection of single electron spins has been accomplished [66]. It is however
not possible to implement this technique at ambient conditions which is necessary for
application in biology.
None of the presented novel techniques allow the nanoscale detection of NMR signal at

ambient conditions. Recently a defect in diamond called nitrogen-vacancy (NV) center has
gained attention as a nanoscale sensor at ambient conditions. It shows a high sensitivity
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while operating at ambient conditions. Its measurement apparatus is a combination of
ESR/NMR techniques and confocal microscopy. In the next chapter the NV center in
diamond and its properties will be discussed in detail.
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2. Nitrogen vacancy center in
diamond - the sensor spin

The nitrogen-vacancy center in diamond is exceptional in many ways. Its electron spin can
be optically initialized and readout and shows long coherence times at ambient conditions.
This has triggered many applications, e.g. in quantum information processing [72, 73, 74,
38], quantum communication [75, 76], quantum sensing [77, 78, 79, 80, 81] and as a room-
temperature maser [82].
In this chapter the properties of the NV center in diamond and the experimental setup

are described. Section 2.1 discusses the properties of the host material, diamond. Next
the NV center is introduced and the different ways of creating NV centers in diamond are
explained (see section 2.2). Afterwards the electronic and optical properties of NV centers
are discussed in section 2.3. The spin properties are described in the following section 2.4.
Moreover the different charge states and their interplay is discussed in section 2.5. The
different components of the experimental setup are described in section 2.6. Furthermore
the mechanism of spin readout (section 2.7) and spin relaxation (section 2.8) are explained.
Finally the applications of the NV centers are discussed (section 2.9).

2.1. Diamond

Diamond is composed of carbon atoms that are covalently bonded in a lattice struc-
ture. Each atom is connected to four other carbon atoms and has a distance of 1.54 Å.
The atomic orbitals of these carbon atoms are sp3 hybridized. The angle between the
four resulting orbitals is 109.5◦ which effectively forms a tetrahedron. This results in a
zincblende structure with the difference that the diamond is consisting of solely one atom
species (except the impurities). The structure can be described by two face centered cubic
(fcc) structures shifted against each other by one fourth. The lattice constant is 3.57 Å.
Consequently the density in diamond is 3.52 g

cm2 .
The strong covalent bonds lead to the unprecedented hardness of diamond. Therefore

the Debye temperature is very high: 1860 K [83]. The hardness is 10 given in mohs and
140000 in rosiwal, which makes the diamond the hardest mineral known. This is why dia-
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mond finds application in grinding and polishing. Another application of diamond is as a
heat sink because of its high thermal conductivity. Furthermore diamond is an insulator
and optically transparent in a wide range of wavelengths (visible). This comes from the
fact, that saturation of the valence electrons, translates to a large bandgap of 5.48 eV.
In addition to this diamond has a high refractive index of 2.42 (wavelength dependent)
and a high dispersion. Impurities can be found in the diamond lattice, e.g. boron and
nitrogen. Their concentration serves as an important parameter for the classification of
diamonds.
The phase diagram of carbon shows the conditions for the creation of diamond. Dia-

monds naturally occur in the mantle of the earth where they find optimal conditions of
high pressure and high temperature. Diamonds can for example be brought to the earth’s
surface by erupting volcanoes. They have also been found in meteorites. It is also possible
to create diamonds synthetically. One possibility is by application of high pressure and
high temperature (HPHT) and adding catalysts. And the second approach is chemical
vapor deposition (CVD). The CVD process is homoepitaxial which means that a diamond
is required as a seed layer. It works in a plasma chamber where temperature and pressure
can be adjusted. Filling the chamber constantly with hydrogen and methane gas and
radiating it with a high power MW field creates a plasma. Highly reactive hydrogen is
created in the plasma which breaks the bonds at the diamond surface. The so generated
dangling bonds of the carbon atoms can bind the carbon atoms of the methane. Thereby
the diamond grows. Controlling the ratio between 13C and 12C is possible by the gas
mixture which is introduced into the chamber. The orientation of the diamond’s surface
depends on the seed diamond. In this study HPHT and CVD diamonds of different orien-
tations have been used. For some applications it is beneficial to create diamond particles
with a size of less than 100 nm, the so-called nanodiamonds. The most prominent way of
nanodiamond creation is by milling a diamond crystal.
Besides carbon, other atoms find their way into the diamond lattice as well. They can

form defects, which can be optically addressed and a few of them possess a spin. The
defect used in this work is the NV center in diamond which is introduced in the next
section.

2.2. NV center and its creation

The NV center in diamond consists of a substitutional nitrogen atom and a vacancy next
to it. Identification of this defect has been accomplished decades ago. A characteristic
fluorescence emission spectrum has been measured with a wide vibronic band and a zero
phonon line at 637 nm (1.945 eV) [84]. In addition to this it has been found out, that NV
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centers have a trigonal symmetry. The electronic level structure with E and A1 levels has
been revealed. Through EPR studies it is furthermore known that NV centers have a spin
triplet with a zero field splitting of 2.87 GHz. The NV center has singlet states (partly
metastable) and a triplet ground and excited state [85]. The symmetry of the NV center
is c3v. The NV axis can be oriented along the four possible axes of the crystal lattice.
For the generation of NV centers, nitrogen impurities and vacancies are needed. Nitro-

gen impurities are quite abundant in nature. Therefore it is possible that they do enter
into the diamond lattice naturally. Vacancies on the other hand are mobile at high tem-
peratures and can move to the nitrogen impurities to form a stable NV center in diamond.
NV centers can be artificially formed by different methods, which will be explained in the
following.
For sensing applications it is important to generate NV centers close to the diamond

surface. In general three approaches have been established for the creation of shallow NV
centers: vacancy creation in doped diamond, nitrogen ion implantation and δ doping. The
diamond sample can be doped with nitrogen impurities during growth [86]. The remain-
ing substitute for the formation of NV centers are the vacancies. There can be created by
irradiating the diamond with neutrons, electrons or He-ions [86, 87, 88]. Depending on
the nitrogen concentration in the diamond and the dose of irradiation, the concentration
of NV centers can be controlled. Ensembles of NV centers with concentrations reaching
16 ppm have been generated with this method [89]. On the other hand control over the
depth is difficult since the vacancies are created along the beam path through the dia-
mond. However the energy of the beam sets the upper limit in depth.
The second approach is the implantation of 15N+ into the diamond lattice [90, 91]. This

creates not only vacancies within the lattice but also places 15N into the diamond, both
being the ingredients of the NV center. The dose of the implanted nitrogen ions can be
set according to the desired NV density. The depth of the NV centers is controlled by
the implantation energy and can be simulated by SRIM [92]. An implantation energy of
7 keV translates to an average NV depth of 10 nm [91]. The nitrogen ions can create
lattice damages which can have a deteriorating effect on the relaxation properties of the
NV center [93, 94]. These lattice damages are less pronounced in the case of implanting
with lighter particles as electrons.
When using the δ doping method the creation of shallow NV centers is incorporated

in the CVD growth process. During the final stage of the growth process nitrogen gas is
introduced into the CVD chamber, leading to the incorporation of nitrogen atoms into
the diamond lattice [95]. Afterwards vacancies can be created with the methods described
earlier. In all three cases annealing of the diamond is necessary. The annealing makes the
vacancies mobile leading to two different, relevant scenarios. When a vacancy is trapped
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by a substitutional nitrogen atom, they together form an NV center. However, when a
vacancy first finds another vacancy, the resulting defect is a so called di-vacancy, which
itself is stable and can exist in various charge states. Di-vacancies are mostly a source of
noise and can be analyzed via EPR measurements [96]. During annealing these vacancy
related defects can diffuse to the surface where they get trapped.

2.3. Electronic and optical properties

The NV center occurs in different charge states. The most prominent charge state of the
NV center is the negatively charged state NV−, which is discussed in this section. When-
ever the NV center is mentioned throughout the thesis it refers to the negatively charged
state. Other charge states and the dynamics between them are discussed in section 2.5.
The total number of electrons in the dangling bonds of the NV center is 6. Different

theoretical models [97, 98, 99] along with group theory [100] have led to the electron con-
figuration shown in figure 2.1 [101]. The lowest state is located in the valence band and
has an a1 symmetry. There is an upper state located in the bandgap with a1 symmetry
as well. On top two degenerate states with e symmetry (ex and ey) can be found. In
the ground state both a1 states are fully occupied. The two remaining electrons fill each
of the two e states and build an antisymmetric orbital. They form an electron spin as
a triplet S=1 system. The excited state can be populated by transferring one electron
from the a1(2) state into one of the e states. The transition dipoles in both cases are
perpendicular to the NV axis. Therefore laser excitation along the NV axis is optimum.
The energy difference between the ground and the excited state is 1.945 eV [102].
There are three major contributions which govern the energy level scheme of the ground

and the excited state. The first term is the spin-orbit coupling. In the ground state spin-
orbit coupling does not apply. However in the excited state spin-orbit interaction is
significant and leads to the occurrence of two additional levels: one up and one down-
shifted level [103]. It has been shown that at room-temperature this spin-orbit coupling
of the excited state is averaged out and it is sufficient to consider the remaining couplings
[104]. The second contribution to the Hamiltonian is spin-spin interaction which is signif-
icant in both, the ground and the excited state. For the demonstrated application of the
NV center as a sensor spin, this spin-spin term is crucial. It is composed of the zero-field
splitting, coupling to other spins and the Zeeman term. Because of its significance it will
be separately discussed in the next section 2.4. The third and last term is the interaction
with strain or electric fields. It leads to an additional splitting. In ensemble of NV centers
GHz broad optical linewidths have been observed [105]. The optical linewidth of a single
NV in a bulk diamond is in the range of only MHz. Broadening comes from the fact that
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the strain is locally different from NV to NV. By applying an electric field to a NV center,
its optical linewidths can be tuned and brought into resonance with other NV centers
[106].
At low-temperature (e.g. T = 4 K) the optical linewidth is narrower than the men-

tioned energy shifts. Therefore ground to excited state optical transitions can be induced
selective to orbital and spin states [105]. Furthermore a lambda-type excitation is feasible
by interaction of two ground state sub-levels with one excited state level [107, 108].
The distribution of the spin density plays an important role in understanding the spin

properties of the NV center and has been simulated by theorists [109, 110]. According to
these calculations the spin density in the ground state is mostly confined near the carbon
atoms in the first shell. At the position of the nitrogen atom the spin density is negligible
[111]. This changes for the excited state where a part of the spin is indeed located at the
nitrogen atom. It has also been shown that upon excitation the location of neighboring
carbon and nitrogen atoms change relative to the vacancy [109, 110].
Due to the solid-state environment of the diamond it is necessary to understand the

coupling to phonons. Phonons can couple to vibration modes of the NV center and can
thereby induce a change of the electrons wavefunction. Additionally as mentioned above
excitation and relaxation of the NV center changes the distance between the atoms which
induces vibrations as well [112, 113]. The latter is the reason for the large phonon side-
band of the ground and the excited state. This translates into a large range of possible
excitation wavelengths [36]. Commonly 532 nm is used as the excitation wavelength due
to the availability of the laser. After excitation into the phonon sideband the system re-
laxes non-radiatively into the lowest excited state. From there relaxation into the phonon
sideband of the ground state results in a broad emission spectrum. Actually only 4 % of
the photons emit at the ZPL of 637 nm [114] (see figure 2.2). The corresponding Debye-
Waller-factor is 0.04 which is typical for vacancy related defects. Other defects with a
higher atomic mass exhibit a much higher ZPL to phonon sideband ratio [115, 116]. The
ZPL of the emitter is considerably broadened at room-temperature (NV center: width of
a few nm).
At room-temperature and in the case of a single NV center the level scheme can be sim-

plified (figure 2.3). Spin-orbit coupling is averaged out in the excited state [104]. Strain is
also negligible in the used diamonds. This leaves the triplet ground and excited state only
affected by spin-spin coupling. In addition to the triplet states there are singlet states as
well (figure 2.3). They can be populated by intersystem crossing (ISC). ISC can occur
from the excited state due to spin-orbit coupling. It is unclear how many singlet states
exist and how they are ordered. According to Rogers et al and Acosta et al there is a 1E
excited state in the singlet [117, 118]. The lifetime of the 1E excited state is less than 1
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ns [118]. From there relaxation is possible radiatively or non-radiatively to the 1A1 state.
The emitted photons are in the infrared range [117]. From the 1A1 state the system can
relax directly or via the third singlet state of 1E symmetry into the triplet ground state.
Here the important point is that these ISC rates are spin-dependent [119, 120, 121]. The
electron spin has three states: ms = 0,±1. For ms = 0 the probability of ISC is almost
zero and the system decays, with its spin conserved, into the ground state by emitting a
photon. The corresponding lifetime of the excited state (in ms = 0) is 12 ns. In the case
of ms = ± 1, a decay via ISC is approximately as probable as the radiative decay into
the triplet ground state. The lifetime in the excited state (in ms = ± 1) is 7.8 ns [122].
For the decay via the singlet states a decay time of 250 ns has been measured [123]. This
indicates that one of the singlet ground states is metastable. Surprisingly the relaxation
from the singlet states into the triplet ground state is spin-dependent as well. However in
this reverse ISC scenario ms = 0 is populated preferentially. This not only allows optical
spin polarization but also spin readout which will be explained in the section 2.7.
Please note that in most NV based applications the triplet system is utilized. Recently

there has been work on exploiting the radiative decay channel of the singlet state for
magnetometry purposes [124].

valence band

conduction band

valence band

conduction band

ground state excited state

a1(1)

a1(2)

eyex

a1(1)

a1(2)

eyex

Figure 2.1.: Electron configuration of NV−. The electronic states are shown for the ground state
and the excited state [125, 109]. Six electrons are occupying four levels with a1 and e symmetry.

2.4. Spin properties

In this section the NV electron spin’s properties in the electronic ground state are eval-
uated. For the here presented measurements the spin states are mostly utilized in the
ground state. Coupling to the intrinsic (14N or 15N ) or other nearby nuclear spins is left
out in the discussion. This will be discussed in chapter 4.
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2.4. Spin properties

Figure 2.2.: Fluorescence spectrum of NV−. A single NV center in bulk diamond is illuminated
with a 532 nm laser light at saturation power. Acquisition of a spectrum is conducted with a
spectrometer.

The Hamiltonian of the NV electron spin is [119, 126]:

H = HZFS +Hzeeman (2.1)

with HZFS as the zero field splitting and Hzeeman the Zeeman term. The existence of
the ZFS can be explained by the coupling of the magnetic dipoles of the two unpaired
electrons [127]. The resulting coupled spin system has a total spin S=1 with three distinct
magnetic field projections onto the axis connecting nitrogen and vacancy ms = 0,±1. This
axis will be referred to as z-axis. The spin density of the NV center is not spherical but
mainly deviates along the NV axis. It builds a disk-like shape. Therefore the z-component
of the ZFS Dz is not equal to Dx and Dy. The ZFS term can be described by the formula:

D = 3
2Dz (2.2)

E = Dx −Dy

2 (2.3)

Dx and Dy only differ from each other in the case of a distorted c3v symmetry. The
measured values are: D = 2870 GHz [128] � E ∼ MHz. Thus, in the present work E can
be safely ignored without loss of generality.
When a magnetic field is applied, the electron spin levels experience a Zeeman shift
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Figure 2.3.: Level scheme of NV−. Triplet and singlet ground and excited states are forming the
level scheme of the NV center. Laser illumination (green arrows) induces excitation from the triplet
ground state to the triplet excited state. Subsequently relaxation from the phonon modes to the
lowest excited state occurs, which is depicted by dotted arrows. Spin dependent ISC from the triplet
to the singlet and back is shown by red arrows. Dark red arrows illustrate the radiative decay in the
triplet and in the singlet states. Non-radiative decay in the singlet states is depicted by grey arrows.

according to the formula 2.5. Usually only a magnetic field along the NV axis is applied,
since a transverse field results in mixing of the ms states and reduces the effectiveness of
the used spin readout and polarization mechanism. An applied magnetic field shifts the
ms = ±1 levels but does not affect the ms = 0 state (see figure 2.4). This means that a
magnetic field compensating the ZFS, results in a crossing of ms = 0 and ms = - 1 levels.
With these considerations the Hamiltonian terms can be further specified to:

H = DS2
z + γesBzSz. (2.4)

Here γes is the gyromagnetic ratio of the electron spin (divided by 2π) and can be expressed
by:

γes = geµB
h

(2.5)

with the g-factor of the NV electron spin ge = 2.0028 [126], the Bohr magneton µB and
the Planck constant h.
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Bz[T]

f[MHz] ms=+1
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Figure 2.4.: Ground state electron spin ms states in a magnetic field. The frequency of the
electron spin is defined by the ZFS and the Zeeman shift (see equation 2.4). The ZFS is compensated
by the Zeeman shift at 102 mT, for the case of the ground state. The excited state case would be
analogue to the ground state but with the compensating point at 50 mT.

2.5. Charge state properties

Figure 2.5.: Fluorescence spectrum of NV−and NV0. Two fluorescence emission spectra with
different excitation wavelengths are obtained with a spectrometer. Green spectrum refers to the
excitation wavelength of 514 nm exhibiting a NV− fluorescence spectrum. Blue data points are
coming from the excitation with 440 nm and shows a typical NV0 spectrum. The ZPL of NV− and
NV0 are marked in the graph [36].

Depending on the Fermi level at the NV center location, its charge state can vary. The
known charge states are NV− (6 electrons), NV0 (5 electrons) and NV+ (4 electrons). The
properties of NV− have been described in the previous sections. NV0 is an optically active
defect with a distinct fluorescence emission spectrum showing a ZPL at 575 nm (2.156
eV). Due to a difference in the emission wavelengths, NV− and NV0 can be spectrally
separated (figure 2.5). Therefore an optical filter selective to NV− fluorescence is used.
The NV0 charge state has an electron spin of S=1

2 . Its electronic configuration has been
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2. Nitrogen vacancy center in diamond - the sensor spin

proposed in a paper by Adam Gali and co-workers [129]. So far it has not been able to
directly readout the spin state of NV0. The ground state of NV0 is assumed to experience
the dynamic Jahn teller effect [130].
Applying a laser with a wavelength of 638 nm transfers the NV− center into a long-

lived dark state [131]. NMR studies of the NV center’s intrinsic nitrogen nuclear spin have
shown that this observed dark state is actually the NV0 charge state [132, 36]. Hence it
is possible to change the charge state by laser illumination. Through these NMR studies
the T1 time of the NV0 electron spin could be estimated to approximately 13 µs [132, 15].
Changing the excitation wavelength also changes the ratio between NV− and NV0. Il-
lumination with green laser light (532 nm) yields a ratio of 70 % (NV−) to 30 % (NV0)
[132]. With orange laser light (594 nm) however the ratio is roughly 10 % (NV−) to 90
% (NV0) [36].
The mentioned NMR studies showed a quadratic power dependence of the ionization

and recombination rates [132]. This meant that for both processes two photons are re-
quired (see figure 2.6). It is suggested that the first photon excites the NV− state into
the excited state. The system would normally relax into the ground state by emitting a
photon. But there is a probability that a second process occurs. It is possible that while
in the exited state a photon ionizes the electron into the conduction band. Due to the
missing electron, the charge state ends up in NV0. This two-photon ionization depends on
the applied laser intensity and the wavelength. Recombination works accordingly. After
excitation of the NV0 state, a second photon can levitate an electron from the valence
band to the ground state of NV0, which ultimately changes the charge state to NV−.
With green (532 nm) laser illumination, this ionization and recombination charge dynam-
ics is continuously occurring. However no jumps of NV− fluorescence are observable in
the timetrace.

For low laser intensities the fluorescence counts scale linearly proportional to the laser
intensity. On the other hand the two-photon-ionization and recombination rates of the
charge state increase quadratically with the laser intensity. The photons emitted while
in the NV− state and without ionization are called photons per burst. This number is
the product of the fluorescence count rate and the charge state lifetime (the inverse of
the ionization rate). Forming the product shows that the number of photons per burst
must increase for decreasing laser intensities. Moreover, the absorption of NV− and NV0

both depends on the excitation wavelength [36, 133, 134, 135]. This also has an effect on
the number of photons per burst. It has been shown that 594 nm yields the maximum
number of photons per burst. Using 592 nm as the excitation wavelength and setting a
low laser intensity of 1 µW (measured in front of the objective), enables the observation
of fluorescence jumps (figure 2.7). These jumps correspond to charge state switching be-
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NV- NV0

Figure 2.6.: Scheme of charge state energy levels of NV center in diamond. The two charge
states of NV center are the negatively (NV−) and the neutrally charged state (NV0). Both are
represented by their energy levels. Orange arrows are depicting the transition into other states
induced by the laser.

Figure 2.7.: Charge state switching trace. Laser at a wavelength of 594 nm is continuously
applied. The fluorescence trace is recorded by an APD. An optical filter prevents the detection of
NV0 fluorescence and ensures the distinguishability between NV0 and NV−. The level of fluorescence
determines whether one, two or no NV centers are in the NV− charge state. The average number
of photons per burst is 290.

tween NV− and NV0 and occur on a timescale of seconds. Forming a photon histogram
of the timetrace and setting a photon threshold, allows to separate NV0 from NV− cases
[36]. The charge state readout is non-destructive, if the readout time is selected much
shorter than the charge state lifetime. Then it represents a single-shot readout of the
charge state. Hence short orange (592 nm) charge state readout pulses can be included
in different measurement protocols in order to distinguish between NV− and NV0 cases.
It is also possible to ionize or recombine the NV− charge state by only one photon. For
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2. Nitrogen vacancy center in diamond - the sensor spin

this purpose the excitation wavelength needs to be smaller than 470 nm [36].
So far a laser-induced stochastic way of charge state switching has been described.

However there can also be a deterministic approach. The idea is to temporally change the
Fermi level at the position of the NV center. Plane gate structures with alternating hydro-
gen and oxygen terminated diamond surface are employed for this purpose [136, 137, 138].
By applying a voltage through two hydrogen terminated surfaces, which are separated by
a oxygen terminated surface, a potential difference is created. This shifts the Fermi level
and can change e.g. a NV− state to a NV0 state. This technique enabled the detection of
a dark state which has been assumed to be a third charge state [138]. For its investigation,
NMR studies of the intrinsic 14N and 15N nuclear spins have been conducted (analogue
to [132]). This has lead to the identification of this dark state being the spinless NV+

charge state [139].

2.6. Experimental setup

The experimental setup is a combination of a confocal microscope and a ESR/NMR setup.
For the most part of this work a superconducting vector magnet has been used. In the
last chapter of this thesis presenting high resolution microscopy (chapter 6), a widefield
setup has been employed in addition to a confocal microscope. The different components
of the setup will be discussed in the following sections.

Figure 2.8.: Zoom in view of the experimental setup. Laser light with a wavelength of 532 nm
excites single NV centers in the diamond membrane. The light is focused by a high NA oil objective.
A tapered CPW λ/2 antenna delivers MW frequencies up to 90 GHz for electron spin manipulation.
Nuclear spins are controlled by a RF wire which is spanned over the diamond. Liquid and solid
samples are placed on top of the diamond.
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2.6.1. Superconducting vector magnet

The superconducting vector magnet has a room-temperature bore of 10 cm diameter (see
figure 2.9 A). The coils are made out of niobium. An arrangement of coils, located in a
vessel filled with liquid helium (4 K), allows the application of magnetic field in all three
directions. The vessel can hold approximately 100 l of liquid helium. Isolation from the
environment is drastically improved by introducing a layer of high vacuum between the
vessel and the environment. The resulting loss rate of liquid helium is approximately 14 l
per day. Hence twice a week it is necessary to fill the vessel with liquid helium. Moreover
the helium vessel is connected to a recovery line which collects the evaporated helium gas.
In x-direction (along the optical path) a solenoid generates a tunable field strength of

up to 3 T (figure 2.9 B). The deflection Helmholtz coils enable the application of 0.2 T in
y- and z-direction. These coils can be employed for aligning the field along the NV axis.
The specified magnetic field persistence of the main coil is less than 0.65 ppm/hr. There
is a pick-up coil wounded in the central part of the main coil, which further stabilizes the
magnetic field. The specified field persistence for the y- and z- coil is 4.9 ppm/hr and
4.3 ppm/hr, respectively. In the NMR experiments the main coil’s field strength (∼3 T)
dominates over the field generated by the deflection coils (∼ 10 mT). Consequently the
persistence of the main coil matters for the experienced field by the NV electron spin.
In the NMR experiments shown in chapter 5 a spectral resolution of 1 ppm is targeted
and the measurement times are on the order of a few hours. In conjunction with the
pick-up coil, the persistence in the x-axis is expected to be much lower than 0.65 ppm/hr.
Moreover the magnetic field can be precisely tracked by the NV center. As a result,
the magnet field stability does not limit the achieved spectral resolution in the NMR
measurements.
In conventional NMR, the samples typically have a size on the order of millimeters and

therefore the magnetic field homogeneity is important. In this work, on the other hand,
the sensor and the sample spins are confined to a nm scale volume. This significantly
lowers the restrictions on the homogeneity of the magnetic field. The field homogeneity
(over 10 mm diameter spherical volume) of the magnet is specified to be 0.05 % for the
main coil and 1 % for the deflection coils.
Ramping up the field is enabled by heating locally at a contact point to the coils and

thereby exceeding the critical temperature of the superconductor. The material at this
point becomes normally conductive and allows to transfer current into the coil. This
enables to increase the current in the coils with the specified ramp rates. The field ramp
rates are 0.17 T/min (x-coil), 0.056 T/min (y-coil) and 0.062 T/min (z-coil). For example
a total time of 18 min is needed for ramping the field from 0 to 3 T. At 3 T the coil can
be disconnected from the external circuit by switching off the heater. Filling the vessel
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2. Nitrogen vacancy center in diamond - the sensor spin

with liquid helium is possible with the magnet operating at 3 T. Hence the field can be on
for as long as the measurement requires. However it has been observed that immediately
after the filling of liquid helium, the magnetic field becomes unstable for a few hours.
Thereafter it settles down to the specified values.

A B

Figure 2.9.: Superconducting vector magnet with a room-temperature bore. A shows the
cut view of the vector magnet. It has a height of 160 cm and a diameter of 70 cm (in the upper
part). Its weight is 285 kg. The magnet consists of a vacuum vessel as an outer layer and a helium
vessel. The vacuum vessel is necessary in order to isolate the helium vessel from the environment
and hence reduce helium leakage. Due to the large helium vessel long helium hold times are possible.
The superconducting coils are located in the helium vessel. A bore of 10 cm diameter allows room-
temperature access. B shows the coil configuration. A solenoid in x-direction generates a magnetic
field of up to 3 T. Two pairs of Helmholtz coils allow the application of 0.2 T in y- and z-direction.
In the center of the solenoid an external influence coil is additionally wound, in order to reduce the
magnetic field decay. Graphs are taken from the manual provided by Scientific Magnetics.

2.6.2. Optical microscope

The measurements rely on optically addressing single NV centers and collecting their
fluorescence response. For this purpose a confocal microscope [14] is built. Lasers with a
wavelength of 532 nm are utilized for excitation. If the laser cannot be triggered itself, it
can be guided through an acousto-optical modulator (AOM). This enables the generation
of laser pulses. The mode of the laser light might deviate from a perfect gaussian mode.
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Therefore the laser pulses are coupled in and out of a single-mode fiber. Focusing of the
light into the diamond is done via an oil-immersion objective with a NA of 1.35. The
objective is mounted on a piezo scanner in order to scan the laser beam. The piezo-scanner
is capable of scanning an area of 100 × 100 µm2 in x- and y-direction and 25 µm in z-
direction. The fluorescence is collected through the same objective and guided through a
beam sampler with an anti-reflection coating, matching the emission spectrum of NV−.
Restriction to a confocal volume is achieved by focusing the light through a pinhole with
50 µm diameter. Spectral isolation from the excitation laser or from the fluorescence of
other defects (e.g. NV0) is achieved by using a suitable optical filter. Detection of the
photons is performed by a single photon-counting avalanche photodiode (APD).
The main challenge of this setup is to place the diamond sample, the objective and the

piezo scanner into a bore with only 10 cm of diameter. An additional constraint is to only
use non-magnetic material within the bore of the magnet. To meet these requirements the
following steps are taken. A steel based assembly with three rods is manufactured by the
machine shop (see figure 2.10). The whole assembly is matched to the bore’s dimensions
and can be pushed into the bore. Once completely located inside the bore, the metal
plate on one end can be attached to the magnet. The box on the other end functions
as a holder of the non-magnetic piezo scanner. The attached objective had a metallic
(magnetic) spring which in our case needed to be taken out by the manufacturer. Due
of the limited range of the piezo-scanner, the diamond sample needs to be positioned as
well. Remote 3d positioning is enabled by three non-magnetic translational stages (by
Smaract). The translational stages each have a scanning range of 26 mm. Their scan
resolution is approximately 100 nm.
For the high resolution microscopy experiments (see chapter 6) it is necessary to apply

a widefield illumination and image with a CCD camera. The setup is extended such
that confocal and widefield microscopy is possible on demand. In the case of widefield
illumination the objective is not scanned. Additional lenses are flipped into the excitation
path which focus the laser light onto the back focal plane of the oil objective. Depending
on the focal length of the lenses this results in an increased illumination spot compared to
the confocal case. Instead of an APD an electron multiplying CCD camera (iXon Ultra
897, Andor Technology) is used for the detection of photons. One pixel in the CCD image
is set to correspond to 100 nm in the focal plane.

2.6.3. ESR and NMR excitation

Electron spin manipulation at 3 Tesla is conducted by MW fields with frequencies of
≈ 87GHz. For the first time such high frequencies are applied in order to manipulate a
single electron spin. This is not a trivial task and requires careful understanding and use
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Figure 2.10.: Experimental setup within the magnet. A steel assembly consisting of three rods
and a circular box is used to place the sample in the room-temperature bore of the magnet. The
piezo scanner is located in the box and scans the mounted oil objective. The sample is attached to
translational stages which enable remote 3d positioning.

of MW engineering. Chapter 3 is dealing with these aspects. For fields up to 10 GHz
(≈ 0.35 T), the used microwave equipment is different, which will be explained in this
chapter.
The necessary devices for MW manipulation are first introduced. In this work both

electron and nuclear spins have been manipulated by MW and RF fields, respectively.
The basic device for the generation of MW/RF is a signal generator. Here the used signal
generator is an Anritsu MG3697C with a frequency range between 2 GHz and 67 GHz.
Its maximum output power of 10 dBm (between 2 GHz and 20 GHz) is usually not suffi-
cient to drive the NV electron spin fast enough. Therefore it is necessary to increase the
power by MW amplifiers (Gigatronics 1050 A). The MW are guided through a coplanar
waveguide (CPW) board. In the vicinity of the NV center, the conducting line of the
CPW board is either narrowed or it is replaced by a thin (e.g. 50 µm diameter) copper
wire in order to locally increase the field.
For the high field (3 T) and consequently high frequency case (≈ 87GHz) the situation

is different. First of all the MW coming from the signal generator are frequency mul-
tiplied by a factor of 6 (OML S12MS W12). The generated MW frequencies lie in the
E-band range (see table 3.1) and serve as the MW carrier of a bias balanced mixer (Semic
RF SFB-12-E2). In addition to it, an Arbitrary Waveform Generator (Keysight M8190A
AWG) generates pulses with the desired frequency, amplitude and phase and is mixed to
the carrier signal. The output signal of the mixer is amplified (Millitech AMP-12-02540).
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The MW are guided via hollow waveguides and coupled to an antenna or to a waveguide
cavity. Further details will be given in chapter 3.
Depending on the measurement protocol nuclear spins need to be manipulated by RF.

Their resonance frequency is below 130 MHz. The RF can be generated by the second
output of the AWG and amplified. In the low field case, the MW frequencies for elec-
tron and nuclear spin manipulation can be combined and guided through the same MW
structure e.g. a CPW board. In the case of a high field (3 T) a separate wire can be
placed above the diamond in order to independently apply RF for nuclear spin control
(see chapter 3).

2.7. Spin readout

Two properties of the NV electron spin are of great importance all NV related applica-
tions. The first property is the ability to polarize the spin and the second is the possibility
to readout the spin state. Both properties are valid for low and room temperature oper-
ation.
In section 2.3 it has been explained that the ISC is spin-dependent. Excitation into the

triplet excited state in the case of ms = 0 will be followed by a radiative decay. However in
the case of ms = ± 1 it is equally possible that relaxation occurs via an ISC to the singlet
excited state (see figure 2.3). The decay via the singlet is almost non-radiative, takes 250
ns and populates the ms = 0 state in the triplet ground state with a high probability. The
exact ISC rates for the different ms states are not clearly known. There have been studies
which suggest differing ISC rates [140]. Electron-vibration interaction is most probable
the reason for the spin-dependent ISC [141, 142, 143].
In the readout step the fluorescence counts of the ZPL and of the phonon sidebands

are detected. Due to the mentioned spin-dependent ISC rates green (532 nm) laser illu-
mination of at least 300 ns length is sufficient to initialize the spin state into the ms=0
state. Laser induced polarization of the electron spin is independent of the initial spin
state. The counts detected during a 300 ns laser pulse are however depending on the
initial state. Beginning with ms = 0 yields 30 % more counts compared to ms = ± 1 (see
figure 2.11).
The spin-dependent fluorescence emission enables optically detected magnetic reso-

nance (ODMR). The measurement protocol starts with an initializing laser pulse of 300
ns length. It is followed by a coherent MW manipulation of the electron spin. The fre-
quency of the latter pulse is typically swept over a range of 15 MHz. And finally the
spin state is readout with a 300 ns laser pulse. Depending on the applied magnetic field
a resonance can be observed in the form of a dip in fluorescence. This means that the
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electron spin state has successfully been transferred to one of the ms = ± 1 states. Fur-
thermore it is possible to do Rabi measurements on the electron spin. For this purpose
the pulse length is varied. The resulting oscillations can be fitted by a cosine function in
order to yield the Rabi frequency Ω. The detected fluorescence counts are on the order of
300 kHz. Hence a single laser pulse yields 0.09 photons for the ms = 0 state and 0.06 for
the ms = ± 1 state. Moreover the presence of photon shot noise decreases the signal to
noise ratio (SNR). An accumulation of many laser pulses is therefore required for signal
detection. Each time the whole sequence including the MW operation has to be repeated
which leads to long measurement times.
An alternative way is to include the nuclear spin into the readout process. In chapter

4 it will be shown that single shot readout (SSR) of a nuclear spin is possible and sig-
nificantly enhances the SNR. At low temperature, SSR of the electron spin is enabled by
spin state selective optical transitions.

Figure 2.11.: Spin-dependent fluorescence emission. Red curve corresponds to the mS = 0
state and upper gray curve to mS = - 1. The lower gray graph is the difference between the two
curves (figure from [144]).

2.8. Spin relaxation

The methods known in ESR and NMR can be applied to the electron spin of the NV
center in order to measure the relevant relaxation times. In chapter 1.2 the concept of
longitudinal and transversal relaxation has been introduced. Longitudinal relaxation (T1

time) is occurring by exchange of energy with the environment. In the triplet ground
state of the NV center, the spin-orbit coupling is very weak. Moreover the singlet ground
state is energetically detuned and therefore prevents coupling to each other. Furthermore
vibrations of the diamond lattice occur far detuned from the resonance frequencies (∼
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GHz). These considerations result in the expectation of a long T1 time.
The T1 time is measured by first initializing the spin. This is followed by a varying

evolution time and finally a readout of the spin state. The measured T1 time is around
5 ms for a single NV center at ambient conditions. For a solid-state system and ambient
conditions this is a remarkably long decay time.
The T∗2 time can be deduced from a Ramsey measurement. In the case of the NV

center it will strongly depend on the 13C environment. This bath of 13C spins leads
to inhomogeneous broadening which can be refocused by dynamical decoupling methods.
The simplest form of dynamical decoupling is a Hahn echo sequence. Hahn echo measure-
ments on the NV center have obtained a T2 time of 2 ms [16]. Higher order dynamical
decoupling sequences, e.g. CPMG or XY-8 can further lengthen the decay time up to the
T1 time [17, 18, 19, 20].

2.9. Applications

The long transversal and longitudinal relaxation times at ambient conditions [16] makes
the electron spin of the NV center interesting for quantum information processing (QIP).
With its S=1 spin system it can form a qutrit or a qubit by restricting the quantum gates
to two spin states. Coupling to other qubits is possible via dipole-dipole coupling. Indeed
coupling and entanglement between two NV centers have been demonstrated [72, 74]. QIP
requires the qubit to be noise resistant. For this purpose the qubit can be combined with
more qubits in order to form a logical qubit. The additional qubits assist in protocols like
quantum error correction (QEC) which protects the main qubit from errors. In the case
of the NV center the intrinsic 14N and nearby 13C spins act as assisting qubits. These
nuclear spins can be readout in a Quantum non demolition (QND) fashion and build
together a quantum register [145, 146] (chapter 4). It has been shown that initialization,
projective readout and application of local and non-local gates is possible on this quantum
register [147]. Furthermore first QEC protocols has been applied in order to decrease the
phase flip error rate of a single qubit [147, 148]. In this work the performance of the
so-called memory spins is further improved by operating in a high magnetic field regime
(chapter 4). One main requirement of QIP is to have a scalable system. In this regard
the NV center based qubits fall short. Measurable dipole-dipole coupling between the
qubits requires a distance of less than 20 nm, at ambient conditions [72, 74]. Creating
NV centers in a deterministic way and with nm resolution have been proposed [149], but
never experimentally implemented. The reason is the difficult interplay of placing a nitro-
gen atom into the diamond lattice and having a vacancy next to it. Statistically two or
three NV centers with sufficient coupling strengths can be found in reasonable amount of
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time [150] but larger numbers are difficult to achieve. An alternative to the dipole-dipole
coupling approach is to couple distant NV center spins via their spin state-selective flu-
orescence photons at beamsplitters [151]. This requires low temperature operation and
photonic structure engineering in order to enhance the success rate [152]. The approach
via photons is especially interesting for quantum communication as fibers allow low-loss
transmission over long distances [153].
This work focuses on the second important application of the NV center which is quan-

tum metrology. The electron spin of the NV center is sensitive to magnetic fields [78, 77],
electric fields [154] and temperature [80, 81]. The susceptibility to magnetic fields is suf-
ficient to detect electron and nuclear spins external to the diamond [155, 24, 25]. This
high sensitivity to different parameters combined with the sub-nm scale of the NV center
makes imaging with nm resolution possible [45, 156, 43, 44].
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3. Sensor spin manipulation at 3 T

3.1. Challenges at high MW frequencies

Magnetic resonance of nuclear and electron spins is performed in numerous techniques.
While in conventional NMR or ESR a large number of spins is located inside the sample,
detection of single electron spins and nuclear spins is possible as well. This has been
demonstrated in single molecules [157, 158], defects in the solid-state [159, 160, 161] and
in rare earth ions [162]. The readout is done optically or electrically. What is common for
these applications is that the manipulation of the nuclear and electron spins is performed
with MW fields. The corresponding frequencies are mainly set by the applied magnetic
field and are typically below 10GHz. In this frequency range it is suitable to first guide
the MW field via coaxial cables then transform it onto a coplanar waveguide (CPW)
structure [163, 161]. And finally in the vicinity of the spin the central conductor line can
be narrowed down to the µm-scale in order to increase the MW field density.
The so-far mentioned experiments have been limited to MW frequencies less than

10GHz. However it can be beneficial to apply a high magnetic field (B > 1 T). One
benefit is a higher degree of decoupling of the nuclear spins from the electron spins in
the vicinity [29, 164, 38, 28]. This enables long T1 times of the nuclear spins. In NMR a
high magnetic field is preferred because of the following reasons. One reason is the higher
thermal polarization which increases the signal strength [39]. The other reason is the
increased chemical shift splitting which linearly increases with the external magnetic field
(see chapter 1.3). A larger frequency shift facilitates the chemical structure analysis. In
conventional NMR the nuclear spins are detected directly at elevated magnetic fields. If
the NMR detection however is conducted via electron spins then frequencies larger than
60 GHz have to be applied. This is the case in NV center based NMR where the NV
electron spins plays the role of the sensor (see chapter 5).
The application of MW with a frequency larger than 60 GHz comes along with some

challenges. The transmission through coaxial cables becomes very lossy. This can be
explained by the skin depth which decreases with ∝ 1/

√
f , where f is the MW frequency.

Consequently the current flows through a reduced area which means a higher resistivity.
One solution would be to increase the diameter of the conductor line. However this re-
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3. Sensor spin manipulation at 3 T

Table 3.1.: Waveguide frequency bands.
X band 8.2 GHz to 12.4 GHz
Ku band 12.4 GHz to 18.0 GHz
K band 18.0 GHz to 26.5 GHz
Ka band 26.5 GHz to 40.0 GHz
Q band 33 GHz to 50 GHz
V band 40 GHz to 75 GHz
E band 60 GHz to 90 GHz
W band 75 GHz to 110 GHz
F band 90 GHz to 140 GHz
D band 110 GHz to 170 GHz

duces the possible mode frequencies. Transport of high MW frequencies (for f>60 GHz)
is therefore conducted in so-called waveguides. Waveguides are hollow rectangular pipes
made out of conducting material. They restrict the MW propagation spatially and guar-
antee low transmission loss. Different modes can be generated within the waveguide which
depend on the wavelength of the MW and the dimensions of the waveguide. The frequency
range of MW frequencies is divided into different bands (see table 3.1). In this study the
frequencies lie in the E-band ranging from 60 GHz to 90 GHz. The dimension of the cor-
responding rectangular waveguide is 3.10 mm x 1.55 mm. The fundamental MW mode of
the waveguide is TE10. Hence the field intensity is distributed over a mm scale in contrast
to the µm-scale case when working with CPWs. This could eventually be compensated by
a higher MW intensity. However the semiconductor-based MW sources and amplifiers in
the E-band regime only output a power of less than 30 dBm. Consequently the challenge
at high MW frequencies is to achieve a high microwave-power-to-magnetic-field conversion
efficiency Cmag = B1/

√
PMW (respectively microwave-power-to-Rabi-frequency conversion

efficiency CRabi = Ω/
√
PMW). Please note that very high power microwave sources like

gyrotrons do exist. However their use in the context of single electron spin detection
would lead to serious heating issues.
In this chapter novel MW structure designs are introduced which extend the ODMR

measurement of single electron spins up to a 90 GHz MW frequency (correspondingly
3 T). In this case the electron spin is associated with the NV center [14]. However the
shown techniques can be applied to other systems as well like phosphorous in silicon (Si:P)
[161, 165] and rare-earth ions [162, 166, 167, 168].
The high field setup introduced in section 2.6.1 is used for the here described mea-

surements. The MW devices used for high frequency generation have been discussed in
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section 2.6.3. MW guiding is performed with hollow waveguides. For the final part of
spin manipulation near the diamond two approaches have been used and investigated.
The first is a waveguide to coplanar resonator transition (see section 3.2) and the second
is the TM110 waveguide cavity (see section 3.3). The here presented results are published
in [169].

3.2. Waveguide to CPW resonator transition

3.2.1. Design and simulations

The transport of MW is performed via rectangular waveguides (E-band) which are guided
into the room-temperature bore of the superconducting magnet. The end of the rectan-
gular waveguide within the magnet is connected to a dielectric plate (see figure 3.1A). As
will be explained later the dielectric material can for example be sapphire or a material
used in MW boards (e.g. Rogers Ultralam 3850). The plate has a patch antenna made

A B

Figure 3.1.: The waveguide to CPW resonator transition. A Both sides of the assembly are
shown. On one side of the dielectric material there is the the patch antenna (below) facing the
waveguide and on the other side there is the λ/2 resonator (top). The diamond membrane is placed
on top of the λ/2 resonator. B A confocal scan of the diamond with the structure of CPW resonator
underneath is shown. Here the used dielectric material is the Rogers Ultralam 3850 which exhibits
a high background fluorescence. Nevertheless single NV centers are visible near the waist of the
resonator.
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3. Sensor spin manipulation at 3 T

out of copper on one side (facing the waveguide). On its opposite side it has a CPW λ/2
copper antenna. The TE10 mode of the waveguide is capacitively coupled to the antenna
structure. The λ/2 antenna has a resonance frequency which depends on the dimensions
of the antenna. Additionally the antenna is narrowed down in the center to a width of
≈ 20 µm. This spatial confinement locally increases the MW intensity. Through the
capacitive coupling the λ/2 antenna gets excited and induces mirror charges on the patch
antenna which focus the MW field. In the ground plane of the λ/2 antenna oscillating
current densities are induced as well. This leads to a reduction of radiation loss and to an
additional concentration of the B1 field near the λ/2 resonator. Right below and above the
λ/2 antenna the B1 field is orientated perpendicular to the external magnetic field which
is favorable for NV centers with a certain orientation. Moreover the concentration of the
field is higher within the dielectric material. Replacing it with diamond would therefore
be favorable. For this purpose first of all a diamond with a suitable size would be required
and the optical access to the NV centers would not be straightforward. In this study the
diamond is placed above the λ/2 antenna. The spin of NV centers close to the tapered
region of the antenna can then be manipulated by the antenna. The sapphire plate has
a thickness of 170 µm. In principle a thinner dielectric plate favors the coupling to the
waveguide mode. However other factors like mechanical stability of the whole assembly
and the availability also need to be considered. The goal is to reach critical coupling and
this depends on all geometric parameters of the assembly and not solely on the thickness
of the dielectric. Instead of sapphire, a thin Rogers Ultralam 3850 PCB board has been
used as well as the dielectric material in the experiments. The requirements for the di-
electric are a high optical transparency and a high dielectric constant ε. The parameters
of the used dielectric, the patch antenna and the λ/2 resonator are measured by optical
microscopy and are listed in the table 3.2.
Before manufacturing the waveguide to CPW resonator transition, simulations are run

with the software CST microwave studios in order to optimize the geometric parameters
(see table 3.2). CST microwave studio provides a visualization of numerical simulations
based on the finite integration technique (FIT). Here, the maxwell equations are solved
and mapped onto a mesh. The rectangular waveguide and the dielectric with the anten-
nas can be designed in this software. The input waveguide port defines the propagation
direction. By setting local probes, parameters like the current density (or the B1 field)
can be simulated for varying MW frequencies. It is also possible to get the B1 field distri-
bution in 2d or in 3d. The geometric parameters e.g. the width or the length of the CPW
resonator (figure 3.1A) are varied in the simulation in order to maximize the B1 field.
A result of the simulation is shown in figure 3.2. Here the field H1,x (in A/m) is simu-

lated with the application of a MW frequency resonant to the antenna. The tapering in
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3.2. Waveguide to CPW resonator transition

Table 3.2.: Summary of geometric parameters of CPW resonators.
Waveguide to CPW resonator #1 #2
patch antenna length LP 729 µm 667 µm
patch antenna width WP 1531 µm 1476 µm
resonator length LR 1085 µm 1014 µm
resonator width WR 165 µm 85 µm
relative dielectric constant ε 2.9
dielectric thickness 100 µm
conductor thickness 10 µm 30 µm
gap CPW 42 µm 121 µm
width of waist 85 µm 3 µm
length of waist 88 µm 80 µm
conductor material copper
dielectric material Rogers Ultralam 3850

Figure 3.2.: 2d CST simulation of CPW resonator. The simulated H1,x field (in A/m) is shown
from the front (left) and from the side (right). The diamond, the dielectric material and the antennas
are labeled.
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3. Sensor spin manipulation at 3 T

the center of the resonator locally increases H1,x. For the resonator #2 with a waist of
3 µm width, the H1,x field is probed 20 µm above the resonator (marked with a cross). The
simulation yields a MW efficiency of Cmag = 5.3 mT/

√
W, which given in Rabi frequency

is CRabi = 105.0 MHz/
√

W.
The simulations show that dielectric materials on top of the resonator result in a re-

duced MW intensity due to dielectric losses. More importantly they lead to a significant
frequency shift of the resonance (see figure 3.4). This is true for diamond and immersion
oil which are usually both part of the experiments. Consequently the simulated CPW
resonators have a resonance frequency varying between 60 and 80 GHz (see figure 3.4).
Besides the dielectric losses, the radiative and conductive losses are important in esti-
mating the achievable quality factor. Radiative losses have been reduced by the ground
plane of the CPW resonator. Conductive losses on the other hand can come from metal
surfaces with a higher surface roughness. The quality factor of the resonator #2 have
been simulated to be Q2,sim = 89. Here the conductive, dielectric and radiative losses
contribute with 192, 891 and 204, respectively.
Additional resonances can occur in the transition elements which disturb the desired

resonance of the CPW resonator. E.g. the patch antenna itself can have a resonance
frequency which should not match the resonance of the CPW resonator. The patch an-
tenna does have the advantage of concentrating the MW field within the dielectric but
its presence is not required. In fact CPW resonators on sapphire plates without patch
antennas have been produced which show similar performance and are simpler to produce.
In addition to the electron spins, driving the nuclear spins is possible by applying RF via
an additional wire or a coil. The waveguide to CPW resonator transition design has been
inspired by microstrip to waveguide transitions used in automotive radar systems [170].
For the production of the CPW resonators optical lithography with subsequent wet

chemical etching has been used.

3.2.2. Results

The produced CPW resonators are evaluated by ODMR measurements at the correspond-
ing MW frequencies. The interesting parameter here is the Rabi frequency Ω which is
linearly increasing with the B1 field. First an ODMR measurement is performed. The
sequence (see section 2.7 for details) is composed of a readout and initialization laser
pulse and a subsequent spin manipulation by a MW pulse. The frequency of the MW
pulse is swept over a large range. A resonant pulse transfers the spin state from ms = 0
to ms = −1. This leads to a decrease in the detected fluorescence. In figure 3.1B the
confocal scan of the diamond is shown which is located right above the CPW resonator.
NV centers near the waist have a higher B1 field. Indeed an ODMR signal can be observed
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Resonator #1
with the diamond displaced

Resonator #1

Resonator #2

Figure 3.3.: 1d CST simulation of CPW resonator. The H1,x field is simulated 20 µm above
the resonator. The red and green curves belong to resonator #1. The blue curve corresponds to
resonator #2. In the green and blue case, the diamond is covering the whole resonator. In the red
case, however, the diamond is displaced relative to the resonator, leaving a part of the resonator
uncovered.

(analogue to figure 3.8A) at an applied magnetic field of 2.78 T. The hyperfine coupling
to the 14N nuclear spin can be resolved as well. Furthermore Rabi oscillations between
the spin states ms = 0 to ms = −1 can be measured by varying the MW pulse length
(analogue to figure 3.8B). The Rabi frequency Ω can be extracted by fitting the data with
a sine function.
Measurements are performed on two different CPW resonators (see table 3.2). The main

difference between them is the width of the waist. While it is 85 µm for the resonator
#1, it is only 3 µm for the resonator #2. The generated B1 field of resonator #2 should
therefore be much larger near the tapered region. The crucial parameter, here, is CRabi

in dependence of the MW frequency. Using a superconducting vector magnet enables the
application of arbitrary magnetic fields and hence to tune the NV center spin transition
to any MW frequency. The measurement protocol is as follows. For each resonator a
NV center with roughly 20 µm distance to the resonator (in z-direction) is selected. The
magnetic field is swept to the starting point of the measurement range. Next an ODMR
is measured which yields the resonance frequency. Finally a measurement of the Rabi
oscillations gives the Rabi frequency. And then the measurement protocol is repeated at
the next magnetic field point.
Figure 3.4 shows the MW frequency dependent Rabi frequencies measured for three

different configurations. The green and the red measurement correspond to resonator
#1. They differ in the relative position of the diamond to the resonator. The green curve
belongs to the case where the 1 mm x 1 mm sized diamond completely covers the CPW res-
onator. While for the red curve the diamond is only covering half of the CPW resonator.
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3. Sensor spin manipulation at 3 T

As predicted by the simulations (see figure 3.3) the displacement to each other leads to
a frequency shift. In this case it is a large shift of 2.66 GHz which can be explained by
the large dielectric constant of the diamond. The NV centers do not have the exact same
distance to the waist of the resonator. This explains the different amplitudes. For the
resonator #1 the maximum MW efficiency is CRabi = 10.6 MHz/

√
W (green resonance).

The results of CPW resonator #2 are shown in the blue curve. Here the diamond
is fully covering the resonator. The resonance frequency differs from the resonator #1
due to the different geometric parameters (see table 3.2). The maximum MW efficiency
of resonator #2 is CRabi = 27 MHz/

√
W which is larger than compared to resonator #1.

Here the investigated NV center for the resonator #2 has a larger distance from the waist.
This was necessary due to the large background fluorescence coming from the dielectric
material (Rogers Ultralam 3850) which makes it difficult to address NV centers right
above the waist. Therefore the selected single spin has a position where the resonators
width amounts to 20 µm. The use of sapphire prevents this problem as it reduces the
background fluorescence dramatically. It can be concluded that the tapering of the CPW
resonator leads to an enhanced B1 field. The measured quality factors of the resonators
#1 and #2 are Q = 39 and Q = 48 respectively.

Resonator #1
with the diamond displaced

Resonator #1

Resonator #2

Figure 3.4.: Resonance curves of the CPW Resonator. The resonance of CPW resonator #1
and #2 is evaluated by measuring the MW frequency dependent Rabi frequencies with single NV
spins. The green and red curve belong to the resonator #1 and the blue curve to the resonator #2.
In the green and blue case the diamond is placed in the center of the CPW resonator effectively
covering it. In the red case however the diamond is only covering half of the resonator. The used NV
spins do not have the same relative position to the waist which explains the different amplitudes.
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3.3. TM110 waveguide cavity

3.3. TM110 waveguide cavity

3.3.1. Design and simulations

An alternative way to do spin manipulation at 3 T is to use cavity resonators which
e.g. find application in microwave ovens, in radar systems or in particle accelerators
[171]. The MW waveguide cavities allow spectral confinement and show increased B1

field concentration at certain points. They can be rectangular or cylindrical and are
characterized by their mode. The mode can be transverse electric (TE) or transverse
magnetic (TM) [171]. Furthermore three suffix numbers (mnp) specify the shape of the
mode: TEmnp or TMmnp. Here m, n and p represent the number of half waves along the
x- (width), y- (height) and z-direction (along the axis of the cylinder). The occurrence of
a mode depends on the applied MW frequency, the length and the radius of the cavity.
Inductive coupling is e.g. achieved by a hole in the cavity side facing the rectangular
waveguide. The efficiency of coupling increases when the B1 field in the waveguide is
parallel to the B1 field in the cavity at the position of the hole.
The cavity mode has to be chosen wisely as the experimental setup does set some

constraints. For example the direction of the magnetic field generated by the main coil
and the optical axis are important factors. Typically MW cylindrical cavities with the
TE011 mode [82] are used. However for optical readout of single spins it is necessary to
have an optical access near the concentrated B1 field in the cavity. This limitation stems
from the short working distance of the oil objective of ≈ 0.3 mm. The TE011 mode profile
however is revealing a B1 field concentrated in the center. For a resonance frequency of
75 GHz the TE011 cavity would have a radius of 2.4 mm and a length of 4.8 mm. [171].
Therefore the diamond placed in the center of the cavity would have a distance beyond
the working distance of the objective.
The requirements set for the cavity mode lead to the selection of the TM110 mode. Its B1

field is concentrated in the center of the cavity and when mounted suitably within the bore
it points perpendicular to the external magnetic field. Accordingly it is perpendicular to
the used NV orientation (NV axis is perpendicular to the 〈111〉 surface of the diamond)
which is ideal for spin manipulation. Figure 3.5 shows the design of the cavity. The
cavities surface facing the waveguide has a hole in the center which results in inductive
coupling of the mode of the waveguide to the cavity. As required both the incoming B1

field and the B1 field in the center of the cavity are orientated parallel to each other (see
figure 3.6). Furthermore along the axis of the cylinder there is no node of the B1 field (see
right side of figure 3.6) Therefore a hole on the opposite side of the cavity allows optical
access to the maximum of the B1 field (see right side of figure 3.5). Here the diamond can
be placed which results in a B1 field enhancement due to the higher refractive index of
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back viewfront view

Figure 3.5.: TM110 cylindrical MW cavity design. The cylindrical MW cavity with the TM110

mode is shown. On one side the rectangular waveguide is attached to the cavity (right). There is a
centered hole on the cavity which allows inductive coupling. The diamond is positioned within the
cavity and is optically accessible by a hole on the back side of the cavity (left).

diamond compared to air. The resonance frequency of the cavity depends on its radius a
but not on the cavity length d. However reducing the cavity length d increases the ratio
of quality factor Q and cavity volume V [171] and consequently the B1 field strength.
The Q/V ratio is doubled for 2a/d = 5 in comparison to 2a/d = 1.
The coupling efficiency can be controlled by the hole diameter which can result in an

undercoupled, a critically coupled or an overcoupled cavity. The B1 field is maximized
by critically coupling. CST simulations of the cavity (see figures 3.6,3.7) for varying the
hole diameter are performed in order to yield the optimum diameter of the coupling hole.
The simulation gives an estimated cavity quality factor of Qsim = 643. Furthermore in
the simulations the MW efficiency is probed 20 µm away from the optical access which
yields a value of: Cmag = 0.87 mT/

√
W and CRabi = 17.6 MHz/

√
W.

The fabrication of the TM110 cavity out of a single metal piece with a cylindrical hollow
space inside and small holes on both ends (for optical access and MW coupling) was not
feasible with the available resources. This would have been ideal as the current flows over
the edges of the cavity and any interruption leads to conductive losses. Consequently the
TM110 is made out of three parts. The first part is the metal plate with a bore of 2.4
mm radius and a length of 1 mm (see table 3.3). The choice of metal is copper due to
its high electric conductivity. Next a copper film with 8 µm thickness is attached to the
copper plate. The film has a hole of 400 µm radius which has the purpose of coupling
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the MW to the cavity. The third and final part builds a glass slide covered with a thin
copper layer of 20 µm thickness and is attached to the other side of the copper plate. With
lithography techniques a hole of 525 µm diameter is introduced into the copper layer. The
hole enables optical access to the cavity. The geometric parameters of the TM110 cavity
are summarized in table 3.3.
The relevant loss mechanism can be categorized in conductive and radiative losses. The

conductive losses come mainly from interruptions in the contact between the three parts.
Specifically for the TM110 mode current needs to flow across the cylindrical part and the
surfaces. Surface roughness also plays a role which can be reduced by polishing the copper
surfaces. Radiative losses are significant in this case since there are holes on both sides.
While the coupling hole is necessary for exciting the cavity, the hole for the optical access
should be kept as small as possible in order to avoid high radiative losses and distortion
of the cavities mode (see left part of figure 3.6). Additionally the current density at the
centered position (which is the position of the hole) is expected to be maximum. The
simulation without the optical access yields a significant increase of the MW efficiency:
Cmag = 1.68 mT/

√
W and CRabi = 33.3 MHz/

√
W. This underlines the use of an optical

access with a diameter as small as possible.
The TM110 mode is not the only suitable cavity mode. E.g. the TM010 has in principle

a suitable field profile. Its B1 field is maximized at the edges of the cylindrical MW cavity
[171]. Consequently the coupling hole and the hole for optical access would need to be
positioned on the edges. It is also possible to laser cut the diamond and shape it in a
cylindrical way with the corresponding length and radius. The diamond would then need
to be covered with a metal and would function as a MW cavity itself. The mode volume
would be reduced due to the large dielectric constant of the diamond. Furthermore the
conductive losses would be decreased due to an improved metallic contact across the
edges. CST simulations have been performed in order to yield the necessary parameters
(results not shown).

3.3.2. Results

The circular TM110 waveguide cavity is evaluated analogue to the CPW resonator. ODMR
measurements are successfully performed with the cavity and one example is shown in
figure 3.8. The diamond is placed completely within the TM110 cavity. The single NV
electron spin used for ODMR and the other measurements is located ≈ 20 µm deep in the
diamond and in the center of the hole. The Rabi frequencies Ω are measured at different
magnetic field strengths and accordingly different MW frequencies (see figure 3.7). The
maximum Rabi frequency is Ω = 300 kHz which corresponds to a MW efficiency of CRabi =
0.75 MHz/

√
W. The corresponding quality factor is estimated to be Q = 56. These values
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Figure 3.6.: 2d CST simulation of cylindrical MW cavity. The H1,x field distribution is simu-
lated in the resonant case for a cylindrical MW cavity with a TM110 mode. The diamond is located
inside the cavity. The 2d field map in the xy plane (20 µm apart from the optical access) is shown
on the left. The right side shows the cross section of the field profile (at the center of the xy plane).

Figure 3.7.: 1d CST simulation of cylindrical MW cavity. The MW efficiency around the
resonance peak is simulated at a distance of 20 µm from the optical access (z-direction) and at the
center of the xy plane. The cavity has the TM110 mode (see figure 3.5).

deviate from the simulations. This is attributed to the non-ideal contact between the three
parts. An improved fabrication and better polishing would increase the quality factor Q
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and hence the MW efficiency. Both are also expected to be enhanced by decreasing the
diameter of the optical access.

Figure 3.8.: ODMR and Rabi measurement with the TM110 MW cavity at ≈ 3 T. A is
showing the result of an ODMR measurement of a single NV electron spin. The transition occurs
between the states ms = 0 and ms = −1. The magnetic field is 2.78 T. Hyperfine coupling to the
intrinsic 14N nuclear spin is observable. B The measured Rabi oscillations between the NV electron
spin states ms = 0 and ms = −1. The corresponding Rabi frequency Ω is 832 kHz.

Figure 3.9.: Resonance curves of the TM110 MW cavity. The resonance of the TM110 MW
cavity is determined by measuring the MW frequency dependent Rabi frequencies of a single NV
electron spin. For that purpose the magnetic field and thereby the transition frequency is tuned over
a range.
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Table 3.3.: Summary of geometric parameters of the waveguide cavity.
TM110 cavity

diameter 4.8 mm
length 1.0 mm
diameter of optical access 525 µm
diameter of MW coupling hole 800 µm
thickness of metal face with optical access 8 µm
thickness of metal face with MW coupling hole 20 µm
material copper

3.4. Summary

Both the CPW resonator and the cylindrical waveguide cavity have proven to work for
spin control at high frequencies. Multiple improvements in the fabrication process are
suggested in the text which would enhance the quality factors significantly. A comparison
of both approaches leads to the conclusion that the CPW resonator achieves a higher
MW efficiency. This is mainly due to the spatial confinement coming from tapering the
antenna.
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scaling

The NV center in diamond with its electron spin has been introduced as a nanoscale sensor
[77, 78] and a system to implement quantum information processing (QIP) [72, 73, 74, 38]
and quantum communication [75, 76]. However, a major drawback is the optical readout
of the sensor yielding low photon count rates and hence large photon shot noise. For
sensing applications this translates into long measurement times, and for QIP it prevents
the implementation of building blocks like quantum Fourier transform (QFT) or quantum
error correction (QEC) steps. Required is the possibility of a single-shot readout (SSR)
or of a quantum non-demolition (QND) measurement which results in a projection of the
system as well as certain knowledge about its state in a single measurement run. The state
of the qubit is projected onto an eigenstate. Besides the readout it allows the initialization
of the qubits which is necessary for efficiently working quantum algorithms. The latter
aspect becomes especially important for large quantum systems. In the case of the NV
electron spin the laser readout pulse yields only 0.03 signal photons before it is initialized
into the ms = 0 state and any information about its previous state is lost. Therefore
SSR of the electron spin is not possible at room-temperature. It is only possible at low
temperatures where narrow optical lines allow spin state selective readout and therefore
more signal photons [105].
Nuclear spins, on the other hand, don’t have the optical initialization behavior as the

NV electron spin. It is not possible to read them out directly, but hyperfine coupling to
the NV electron spin enables access. A strongly coupled single nuclear spin can be utilized
for SSR at room-temperature [29, 38, 146]. For this purpose 14N , 15N or 13C spins within
the diamond lattice can be considered. The readout is carried out via the sensor spin.
Nuclear spin state selective pulses (CNOT gates) allow to swap the information from the
electron to the nuclear spin. It is necessary for a non-demolition measurement that the
spin has a longer relaxation time than the required readout time. Due to a much weaker
interaction strength with the environment, the nuclear spins can potentially have long
relaxation times. It will be shown in the following sections that the relaxation time of the
nuclear spin increases quadratically with the applied magnetic field. Therefore they can
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also be exploited as memory qubits and be combined with the NV electron spin, which
works as the sensor qubit. Together they form a logical qubit which can be more robust to
the occurrence of errors [38]. Mapping the sensor spin state to the memory spin is possible
with a suitable CNOT gate. The resulting readout of the memory spin in a single-shot
opens new avenues in the field of metrology and quantum information processing as it
yields the maximum possible information of a quantum measurement.
So far a field of 0.65 T [38] has been applied to the NV center for the implementation

of nuclear spin SSR. At this field the 14N memory spin has shown readout fidelities of
95 % and a lifetime under continuous readout of 40.000 laser pulses. In this study a
magnetic field of up to 3 T is applied which allows a lifetime of the memory spin of more
than 330.000 laser pulses and fidelities reaching 99 %. In addition to the benefits of an
enhanced readout, the memory spin can be incorporated in a sensing protocol to enhance
the spectral resolution [30, 15]. Here the crucial parameter is the longitudinal relaxation
time Tmem

1 of the memory spin. The Tmem
1 of a single 14N spin has been measured in

this study to be 260 ± 20 s at 1.5 T (at room-temperature). In this chapter the Tmem
1

measurement and the limiting factors for Tmem
1 will be described.

In principle other coupled single nuclear spins (e.g. 13C ) can act as memory spins as
well [38, 146]. However here the focus lies on the intrinsic 14N (or 15N ) nuclear spin
as it is available on each NV center. The chapter first discusses the Hamiltonian of the
system (section 4.1). Thereafter the spin dynamics at the LAC of the electronic excited
state is explained (see section 4.2). Next the single-shot readout of nuclear spins will be
described in the section 4.3. Here the magnetic field scaling under continuous SSR will
be presented as well. Finally in section 4.4 Tmem

1 measurements of the 14N spin will be
shown and discussed. The measurement results have been published in [15].

4.1. Hamiltonian

In this section the systems Hamiltonian is extended by coupling of the 14N (or 15N )
memory spin. While the quantum gates are conducted in the electronic ground state,
each laser pulse can lead to the electronic excited state which induces a different coupling
to the memory spin. Therefore the discussion considers both the ground and the excited
states of the NV center. Furthermore spin-orbit coupling can be neglected in both cases:
In the ground state spin-orbit coupling does not occur and in the excited state it is
averaged out [104]. As a result the Hamiltonian can be written as the sum of four parts
[29].

H = Hsensor +Hmemory +Hinteraction +Hmw (4.1)

Hsensor = DS2
z + γsensorBzSz (4.2)
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The sensor spin is first of all characterized by the zero-field splitting D which differs
between the ground (2870 MHz, given in the units of frequency) and the excited state
(1420 MHz). The Zeeman term depends on the applied magnetic field and reaches 84
GHz at B = 3 T.

Hmemory = QS2
z + γmemoryBzI

memory
z (4.3)

If the memory spin is a 14N spin then a quadrupole splitting Q needs to be considered.
In the ground state the quadrupole coupling Q is -4.945 MHz. For the case of 15N and
13C this term drops out. The second part is the Zeeman term which is 13 MHz for the
14N spin and at B = 3 T, according to the table 1.1.

Hinteraction = S · A · I (4.4)

The hyperfine coupling is represented by the hyperfine tensor A. It consists of the isotropic
Fermi contact coupling HFermi and the anisotropic dipole coupling between the electron
and the nuclear spin HDD.

Hinteraction = HFermi +HDD (4.5)

HFermi = aisoS · I (4.6)

where aiso is proportional to the electron spin density at the location of the nucleus |Ψe|2.
In the case of the ground state the spin density is concentrated at the dangling bonds to
the carbon atoms. At the position of the nitrogen atom the electron spin density is very
small. Consequently the isotropic part of the hyperfine interaction of the nitrogen nuclear
spin is small in the ground state. However in the electronic excited state the spin density
increases at the nitrogen location.

HDD = µ0

4πγsensorgnµn
S · I − 3(S · er)(er · I)

r3 (4.7)

The dipole-dipole interaction also affects nuclear spins that are farer away, with a 1/r3

distance dependence. As mentioned the hyperfine terms can be summarized in the hy-
perfine tensor A (see equation 4.4) which has the form: A = diag(A⊥,A⊥,A‖) with A‖ =
aiso + 2b, A⊥ = aiso - b and b = (A‖ - A⊥) / 3. As a result, the hyperfine interaction
Hamiltonian can be written as:

Hinteraction = (S+I
memory
− + S−I

memory
+ )Amemory

⊥ /2 + SzA
memory
|| Imemory

z (4.8)

where S± = Sx ± iSy.
The hyperfine Hamiltonian can be separated into perpendicular and parallel terms to

Bz. The parallel part Amemory
|| sets the gate time between the sensor and the memory.

For the 14N spin, Amemory
|| = 2.17 MHz has been measured in the ground state. Due

to a larger spin density at the nitrogen position the hyperfine interaction increases to 40
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4. The memory spin - Magnetic field scaling

MHz in the excited state [172, 173]. In the case of the 15N spin the corresponding values
are: Amemory

|| = 3.03 MHz in the ground state and Amemory
|| = - 60 MHz in the excited

state [172, 173]. The perpendicular term Amemory
⊥ on the other hand is responsible for

spin mixing (flip flop events). In the 14N ground state Amemory
⊥ is 4 MHz. An isotropic

case of Amemory
|| ≈ Amemory

⊥ is assumed for the excited state for the 14N spin. For 15N a
significantly differing value is measured in the excited state: Amemory

⊥ = - 40 MHz [172].
Typically the zero-field splitting and the Zeeman interaction of the electron spins (both

in z-direction) are on the order of GHz while the hyperfine coupling is in the MHz range.
As a result the nuclear spins have a relatively small effect on the states of the electron
spin. Therefore the secular approximation can be applied to the Hamiltonian [174]. As a
consequence the quantization axis of the electron spin does not change due to interaction
with the nuclear spins. Only its energy levels can be affected by them. On the contrary,
the quantization axis of the nuclear spin is set by the Zeeman coupling, as well as the
hyperfine interaction. The latter is switched off in the ms = 0 electron spin state. The
quantization axis for ms = ± 1 can therefore have a different angle due to the created
hyperfine field. This strongly depends on the position of the nuclear spin relative to the
NV center. For example the intrinsic 14N (or 15N ) is located on the NV axis. Thus
the quantization axes of the nuclear spin for the ms = 0 and ms = ± 1 are parallel.
Non-parallel orientation on the other hand enables so-called forbidden transitions, where
electron spin transitions also induce a change of the nuclear spin state [174].

Hmw = Ω exp(iωt)Sx ⊗ |−1〉n 〈−1|n (4.9)

The main component of the SSR is the nuclear spin state selective MW pulse, the CNOT
gate. It is applied conditioned on e.g. the nuclear spin state |−1〉n, with Ω as the Rabi
frequency.
In the Hamiltonian the coupling between nuclear spins is neglected, since the used dia-

mond samples have a diluted nuclear spin bath. Furthermore effects caused by non-secular
terms like hyperfine enhancement have not been discussed [175]. The latter becomes e.g.
observable in the form of faster nuclear Rabi oscillations. Here the electron spin mixes
into the nuclear spin dynamics which leads to a higher effective gyromagnetic ratio of the
nuclear spin. The strength of this effect weakens when electron and nuclear resonance
frequencies are detuned from each other.

4.2. Spin dynamics at the LAC

Typically the splittings of electron and the nuclear spin energy levels differ by many
orders of magnitude. Therefore spin flip-flop processes (see perpendicular part in the
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4.2. Spin dynamics at the LAC

Hamiltonian 4.8) are suppressed. Application of a magnetic field can lead to a LAC point
in the electronic ground and excited state (see figure 2.4). Here the transition frequencies
of the nuclear and the electron spin become similar and hence induce strong interactions
between them. The spin dynamics at the LAC of the ground state is similar to the one
of the excited state.
A nuclear spin with I = 1

2 is assumed (e.g. 15N ). The discussion can also be transformed
to a I = 1 nuclear spin. On the side of the electron spin only the two states ms = 0, -1
are relevant. As a result four eigenstates (|ms,mI〉) can be formed, away from the LAC:
|0,−1

2〉, |0,
1
2〉, |−1,−1

2〉, |−1, 1
2〉. The states |0, 1

2〉 and |−1,−1
2〉 do cross the LAC [176].

On the other hand |0,−1
2〉 and |−1, 1

2〉 are mixed at the LAC creating new eigenstates:

|+〉 = α |0,−1
2〉+ β |−1, 1

2〉 (4.10)

|−〉 = β |0,−1
2〉 − α |−1, 1

2〉 (4.11)

with
α =

√
1
2 + ∆

2ΩLAC

(4.12)

β = A⊥

Ω
√

1 + ∆
4ΩLAC

(4.13)

ΩLAC =
√

2A2
⊥ + ∆2 (4.14)

∆(Bz) represents the distance to the LAC point and is the difference between the z-
terms of the electron and the nuclear spin Hamiltonian. ΩLAC is the spin mixing rate.
In the case of the excited state the LAC occurs at a magnetic field of 50 mT. Constant
illumination with a 532 nm laser will first of all pump the electron spin into the ms = 0
state. Accordingly the state |0, 1

2〉 will not be affected by the LAC dynamics. However
in the case of |0,−1

2〉 the excited state LAC will induce a mixing with the |−1, 1
2〉 state.

The population of the latter state depends on the magnetic field and is maximum at the
LAC [176]:

p(Bz) = 4α2β2 = A2
⊥

A2
⊥ + ∆(Bz)2/2 (4.15)

In fact this can be exploited to achieve nuclear spin polarization of the 15N spin (or 14N
) [176]. The spin mixing at the LAC occurs on a time scale (depends on ΩLAC) similar
to the decay rate of the excited state. This leads to a higher probability for ISC to the
metastable state. From there the electron spin state decays to the ms = 0 ground state.
Consequently independent from the initial spin states the system relaxes into the |0, 1

2〉
state upon illumination. This polarization process is dominant at the LAC and decreases
when the magnetic field is detuned from the LAC. Other nuclear spins like proximal 13C
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spins can be polarized as well. However the polarization efficiency depends on the spin
position relative to the NV axis and is maximum for spins laying on the NV axis [176].
Furthermore the careful initialization of the spin states at the LAC has been used for a
√

3 fold improvement in SNR of the electron spin readout [144].
In the previous discussion a perfectly aligned magnetic field along the NV axis has been

assumed. In an experiment this is difficult to achieve. A misaligned magnetic field at the
excited state LAC not only results in lower nuclear spin polarization but also reduces the
detected fluorescence counts. The aforementioned states that do cross at the LAC start
anti-crossing in the presence of a transverse field. This leads to spin-mixing. A decrease
in fluorescence counts is the consequence as the ISC probability increases.
Aligning the field is generally crucial in maintaining the favorable coherence properties

of the NV electron spin. Therefore the spin dynamics at the LAC can be exploited for
alignment of the magnetic field along the NV center axis. The first step is to apply a
magnetic field of approximately 50 mT along the NV axis. Next the deflection coils are
swept one by one while continuously monitoring the fluorescence response. Magnetic field
alignment is achieved at the point where the fluorescence is maximum (see figure 4.1).
Analogue to this, magnetic field alignment can be achieved at the ground state LAC (102
mT) as well.

Figure 4.1.: Magnetic field alignment at the excited state LAC. A single NV center oriented
perpendicular to the 〈111〉 diamond surface is constantly illuminated with a 532 nm laser (with
saturation intensity). The x-coil generates a magnetic field of 50 mT corresponding to the excited
state LAC. The fluorescence response is monitored while one of the deflection coils is swept from -4
mT to +4 mT.
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4.3. Single-shot readout

4.3. Single-shot readout

The interaction between electron and nuclear spins via flip-flop events at the LAC has
been explained in the previous section. On the other hand nuclear spins have been mo-
tivated as memory spins enabling SSR. A requirement for SSR of the 14N (or 15N )
nuclear spin is that it does not flip during the measurement. Hence in this section it will
be discussed how the nuclear spin’s population can be protected from the electron spin
dynamics.
The lifetime of the nuclear spin under laser excitation is important for the implementa-

tion of SSR. The relaxation of the nuclear spin is dominated by flip-flop events with the
NV electron spin and is maximum at the LAC. In section 4.1 the system’s Hamiltonian
has been introduced. The A⊥ term is identified as responsible for the flip-flop events. A⊥
differs depending on whether the NV center is in the ground or in the excited state. In the
ground state A⊥ is 2.17 MHz. In the excited state however A⊥ is ∼ 40 MHz [172, 144].
Hence laser excitation increases the probability for a flip-flop event to occur. At the LAC
of the excited state (50 mT) the Zeeman term is canceled by the zero-field term of the
excited state. The parallel (z-component) terms in the Hamiltonian are at a minimum
and the A⊥ part is pronounced. Consequently at the LAC flip-flop events are dominant
and reduce the relaxation time of the nitrogen nuclear spin to a minimum. By applying
a higher magnetic field along the NV axis, the Zeeman term in the Hamiltonian becomes
more dominant over the A⊥ term. This allows a decoupling of the electron and nuclear
spin dynamics [28, 177]. In analogy to the equation 4.15 the relaxation time of the nuclear
spin increases quadratically with increasing detuning from the LAC [29, 146]:

Tmemunder excitation
1 ∼ A2

⊥/2 + (ω − 1.42 GHz)2

A2
⊥/2

(4.16)

with ω being the electron spin transition frequency. SSR is achievable once the Tmem
1

time under continuous readout is longer than the time it takes to distinguish between the
spin states. For the known Amemory

⊥ , the frequency ω corresponding to 1.5 Tesla and an
electron spin excitation rate Γflip of 1 MHz, the expected Tmem

1 is approx. 1 s.
In the following the principle of SSR is explained. In a pulsed ODMR measurement

the hyperfine coupling between the NV center and single nuclear spins in the vicinity can
be resolved as long as the coupling is stronger than 1

πT ∗
2
(see figure 4.2). The achievable

total ODMR contrast is approximately 30 %. These hyperfine resolved ODMR spectra
allow an access to the nuclear spin. The nuclear spin’s population can be mapped onto
the NV electron spin. This is accomplished by a nuclear spin state selective electron
π-pulse followed by an electron spin readout [29] (see figure 4.3). The aforementioned
π-pulse represents a CnNOTe-gate. It transfers the state |−1n〉|0e〉 to |−1n〉|−1e〉. But
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Figure 4.2.: Hyperfine-resolved ODMR spectrum. The figure shows an ODMR spectrum of the
mS = 0 to mS = −1 transition at a magnetic field of 2.78 T. The 2.16 MHz hyperfine splitting
caused by the host 14N nuclear spin is clearly resolved.

leaves the state |0n〉|0e〉 unchanged. The π pulse is required to only affect one resonance
line in the ODMR spectrum. Therefore fast pulses are not allowed. Typically a π pulse
of 1300 ns length is sufficient to drive the transition without affecting neighboring lines.
Next a readout laser pulse of 300 ns duration is applied which simultaneously serves as
an initialization pulse for the next repetition. A subsequent waiting time of ≈ 1000 ns
length ensures that the NV center has relaxed via the metastable state into the ground
state before the sequence can be repeated again. A single laser pulse (with 532 nm and
an intensity corresponding to the optical saturation of the NV center) typically only gives
0.09 photons for ms=0 and 0.06 photons for ms=±1. Therefore repetitions of the whole
sequence on the order of 1000 are required for a single-shot measurement (total length of
∼ ms). Otherwise the signal is dominated by photon shot noise.

A single shot measurement trace of the 14N nuclear spin state is recorded and shown
in figure 4.4. Clearly quantum jumps between two fluorescence levels can be observed
(marked by a blue line). The upper fluorescence level corresponds to the mi= 0,+1 states
and the lower level represents the mi= -1 state. A photon histogram is constructed with
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0e

1n

sensor

memory

π

n~5000

n~5000

Laser

MW

Figure 4.3.: SSR sequence of memory spin. On top, a wire diagram depicts the principle of SSR.
The pulse sequence (shown below) includes a short laser pulse (300 ns) for readout and initialization.
Moreover a nuclear spin state (mi = +1 state) selective MW pulse on the electron spin ms = 0
to ms = −1 transition is applied. The pulse sequence is repeated 5000 times and all detected
fluorescence photons are binned together.

the fluorescence timetrace and shown on the right side of figure 4.4. Two poissonian
distributions can be separated. The fit of a superposition of two poissonians is marked
with a red line. The width of each poissonian distribution is the square-root of the
detected photons. Derived from the fit, a photon threshold can be set. Single shot
readout and initialization of the nuclear spin is possible by simply observing whether the
photon counts are above or below the threshold. The readout fidelity is determined by
how well the two poissonian distributions are separable. This depends on the ODMR
contrast, the fluorescence counts and the number of repetitions in the measurement. Here
the achieved readout fidelity [29] is 99 %. In addition to this, the longitudinal relaxation of
the 14N nuclear spin under continuous readout is on the order of seconds (see figure 4.4) at
2.78 T. The timetrace shows that the lifetime of the 14N nuclear spin is much longer than
the duration of a single measurement step. Thus the SSR measurement does not destroy
the state. This means that a projective quantum non-demolition (QND) measurement is
indeed possible [178].
The precise analysis of the fluorescence timetraces of the 14N nuclear spin can yield

information about its longitudinal relaxation time. The analysis is not straightforward
because of the stochastic nature of the quantum jumps. Therefore a hidden Markov
model (HMM) can be made use of. It is mimicking the nuclear spins behavior. There
are two unknown states which the system can reside in and in between them a stochastic
switching can occur. The transition probability however stays constant over time and can
be determined by the HMM analysis [179, 29].
A series of SSR timetraces has been recorded at different magnetic field points in order

to check the field scaling of the lifetime. At each point the 14N nuclear spin lifetime is
evaluated in units of time and number of laser pulses. Longer longitudinal relaxation times
allow more repetitions and thus a higher number of photons. This significantly increases
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4. The memory spin - Magnetic field scaling

Figure 4.4.: Single-shot readout of a single nitrogen nuclear spin. Continuous readout of
the nitrogen nuclear spin reveals quantum jumps. The high fluorescence level corresponds to the
mI = −1, 0 nuclear spin states, the low fluorescence level to mI = +1. The red line is the result of
a two-state Hidden-Markov-Model analysis of the fluorescence timetrace [29].

F=95 %F=87 %
@0.6 T @1.4 T

Figure 4.5.: Photon histogram of SSR. SSR traces are taken at two different magnetic fields:
0.6 T and 1.4 T. The SSR fidelity is increased substantially at higher magnetic field.

the separability of the different nuclear spin states in the photon histograms (see figure
4.5). Figure 4.6 is showing the results for the 14N lifetime. The measurement results can
be fitted and yield: Tmem

1 = 0.155(2) s · [(B-0.05) T−1]1.68(1) with the magnetic field B given
in T. The expected Tmem

1 time of 1 s at 1.5 T (equation 4.16) agrees approximately with
the measured Tmem

1 . Accordingly the lifetime can be given in number of laser pulses (lp):
Tmem

1 [lp] = 61,833 lp · [(B-0.05) T−1]1.68. The deviation from a pure quadratic dependence
can be explained by the fact that there is also a 30 % chance [36] that the NV center
resides in the NV0 charge state. In that case the much shorter NV0 electron spin T1 time
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Figure 4.6.: Magnetic field scaling of 14N lifetime during continuous memory readout. The
lifetime of continuous SSR is measured in number of laser pulses (length of 300 ns) at varying
magnetic field points. It has a minimum at the LAC of the excited state (50 mT) and increases
approximately quadratic with the magnetic field. The fit yields: Tmem

1 [lp] = 61,833 lp · [(B-0.05)
T−1]1.68 and Tmem

1 = 0.155(2) s · [(B-0.05) T−1]1.68(1) (for B given in T).

leads to faster relaxation of the 14N nuclear spin [132, 15].
The single shot readout can be used for efficient NMR measurements of the 14N nuclear

spin or any other memory spin. After the initialization of the 14N nuclear spin (by SSR),
it is manipulated by RF pulses delivered by a wire (see figure 4.7A,B). Subsequently the
nuclear spin is readout in a single shot. The probability of flipping the spin is then the
measurement result. A NMR spectrum is constructed by sweeping the RF frequency (see
figure 4.7C). Furthermore Rabi oscillations on the 14N nuclear spin have been achieved (see
figure 4.7D). Please note that the total range of the measurement results in figure 4.7C and
D is not symmetric. First of all the readout fidelity F limits the dynamic range between
F and (1-F). Moreover, there is the (30 % probability) presence of the NV0 charge state
where the applied RF manipulation is not resonant anymore [132].
The high fidelities of the SSR achieved here facilitate the implementation of quantum

error correction (QEC) [38] and quantum Fourier transformation (QFT) [47]. Furthermore
in the case of nanoscale sensing the more efficient readout reduces the measurement time
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n~2000

Laser

MW

A B

C D

Figure 4.7.: 14N NMR via Single-shot readout. A Nuclear spin manipulation is achieved by
delivering RF through a wire on top of the diamond. On the bottom side of the diamond a CPW
resonator provides MW control for the electron spin. B Pulse sequence of NMR conducted via SSR
of 14N nuclear spin. C 14N NMR spectrum obtained by measuring the spin flip probability depending
on the RF frequency. D Rabi measurement of the 14N nuclear spin via SSR.

required to detect the signal [180]. Conventional readout would require the sequence to
be applied each time before a single readout laser pulse. Especially for measurements
involving long evolution times the actual sequence time can be much longer than the
readout itself. Hence it becomes important to have an efficient readout step.
At high magnetic field the alignment can be conducted via the longitudinal relaxation

time of the nitrogen nuclear spin. This Tmem
1 time is sensitive to any misalignment of the

magnetic field [29]. Under continuous SSR the Tmem
1 time can be measured in dependence

of the misaligned field (see figure 4.8). A longer Tmem
1 time corresponds to a higher degree

of field alignment.

4.4. Longitudinal relaxation

So far the lifetime of the 14N nuclear spin has been investigated under continuous readout.
In this section the Tmem

1 time of the 14N nuclear spin will be measured without optical
excitation. The 14N nuclear spin has been motivated as a memory spin in combination
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Figure 4.8.: Magnetic field alignment with SSR. The main coil (x-direction) generates a field
of 1.5 T and the z-coil a field of 4 mT. Both are fixed while the y-coil is swept from 30 mT to 55
mT. At each point a fluorescence time trace with SSR of the 14N is recorded. The corresponding
Tmem

1 time is determined and plotted. A Lorentzian fit function yields 43 ± 1 mT as the y-field of
the maximum and a width of 14 ± 5 mT.

with the NV electron spin as the sensor spin [30]. Therefore it is crucial to find out for
how long information can be stored on the 14N memory spin’s population.
Regarding the relaxation mechanisms of the nuclear spin, one can discuss homonuclear

and electron-to-nuclear coupling. The concentration of 14N spins in the studied samples
is only 11 ppb. In addition to this, the quadrupole splitting of the 14N for NV centers
is different from the one of P1 centers. Therefore 14N to 14N coupling can be neglected
for the considered time scales. Analogue to the case discussed in the previous section the
perpendicular hyperfine interaction limits the Tmem

1 . In absence of laser excitation, the
coupling in the ground state is relevant, which is 20 times smaller than in the excited
state. At the LAC of the ground state (at 102 mT) the spin flip-flop events are most
dominant and set the minimum of Tmem

1 . The Tmem
1 time is therefore expected to show a

magnetic field scaling of:

Tmem
1 ∼ A2

⊥/2 + (ω − 2.87 GHz)2

A2
⊥/2

(4.17)

with A⊥=2.17 MHz. Γflip is the inverse of the T sensor
1 time (≈ 5 ms). Hence the expected

Tmem
1 time would be on the order of 106 s at 1.5 T.
The Tmem

1 time of the 14N nuclear spin is measured by performing two consecutive SSR
steps and increasing the waiting time in between them (figure 4.9 A). The probability
not to flip the nuclear spin can be plotted in dependence of the waiting time. In order to
prevent any effect induced by laser light leaking through the AOM a flip mirror blocks the
excitation path for waiting times larger than 5 s. For a magnetic field of 1.35 T the Tmem

1
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measurement has been recorded (see figure 4.9 B). The expected decay of the signal is
not mono- but bi-exponential. Ultimately this can be explained by the photo-ionization
induced by laser excitation. Illumination with a 532 nm laser leaves the charge state in
70 % cases in NV− and in 30 % cases in NV0. This means that whenever the last laser
pulse is applied in the SSR there is a 30 % probability that the charge state will reside
in NV0 afterwards. The hyperfine coupling bet-ween the nuclear and the electron spin is
different for the NV0 case compared to NV−. The main difference, however, is that the
T1 time of the electron spin in NV0 is only approx. 13 µs [132, 15]. This is two orders
of magnitude shorter than in the NV− case. Consequently the decay related to NV0 is
expected to occur on a shorter timescale and with an amplitude of 30 % of the total range.
And indeed this is what is observed in figure 4.9 B. The fit function is a bi-exponential
decay function:

y = A1 · exp(−x1/t) + A2 · exp(−x2/t) + y0 (4.18)

The two timescales are x1 = 0.5 s and x2 = 180 s, corresponding to NV0 and NV−,
respectively. The fidelity at time t = 0 s is 94 % which is reduced to a value of 35 %
on very long timescales. The latter can be explained by the presence of three different
nuclear spin states. Hence in the thermal equilibrium the probability will get reduced
to one third. The two observed decay timescales have different amplitudes. The shorter
lived decay shows an amplitude of 0.13 and the decay with the longer timescale shows an
amplitude of 0.46. These values translate to a 23 % to 77 % ratio which approximately
matches the expected 30:70 charge state ratio between NV0 and NV− [36]. It indicates
that the bi-exponential behavior originates from the photo-ionization but does not confirm
it. For this purpose additional measurements are necessary.
In the pulse sequence (figure 4.9 A) two charge state readout steps are added [132, 36]

(details about charge state readout can be found in chapter 2.5). The first readout step
measures the charge state in the beginning of the waiting time and the second one at the
end. The second charge state SSR has the purpose of ensuring that the charge state has
not changed under dark conditions. It is observed that the charge state is not altered
during the waiting time, independent of the initial charge state. Now with this additional
information it is possible to distinguish between the cases of NV0 and NV−. Indeed
selecting only NV0 cases yields a mono exponential decay with a decay time of 0.5 s
(figure 4.9 C). The expected offset of the decay would be again 33 %·(1-F) with F being
the readout fidelity. However the fitted offset is 50 %. This can be explained by the
limited fidelity of the charge state readout. NV− cases can falsely pass the NV0 selection
which alters the result to a higher offset. The deviation can be explained by 30 % wrong
assignment of the charge readout.
For NV− the charge state postselection of the results has been done as well. It yields

64



4.4. Longitudinal relaxation

a mono-exponential decay curve (figure 4.9 D) as in the case of NV0. The two charge
state selective measurements prove that the origin of the bi-exponential behavior indeed
comes from the photo-ionization. The fitted decay time in the NV− case is 260 ± 20 s.
This is the longest Tmem

1 time of a single nuclear spin measured in a solid-state system at
room-temperature. However the measured Tmem

1 times for the NV− case are three orders
of magnitude smaller than the expected Tmem

1 times (equation 4.17). For the calculation
of the NV0 case a Γflip of 0.1 MHz can be assumed. This leads to an expected Tmem

1 time
on the order of ∼ 1000 s (at 1.5 T) which deviates by three orders of magnitude from the
measured value as well. The reason for this huge deviation will be discussed at the end
of the section.
The Tmem

1 time is measured for varying magnetic field both for the NV0 and the NV−

case. In figure 4.10 the magnetic field scaling of the 14N nuclear spins Tmem
1 time is plotted.

In the case of figure 4.10 A the charge state is NV− during the dark interval and for figure
4.10 B it is NV0. For NV0 we can deduce a quadratic dependence from the fit:

Tmem
1 NV 0 = 0.239(3) s

T 2 ·B
2 (4.19)

This quadratic dependence is expected analogue to the case of continuous readout dis-
cussed in the previous section. There is however no LAC involved and therefore we expect
the minimum at zero magnetic field. The hyperfine coupling between the NV0 and 14N
nuclear spin is 3.03 MHz. It is assumed that the perpendicular hyperfine constant A⊥ is
on the same order. This does not differ much from the NV− value for A⊥ (2.17 MHz).
However due to large spin-orbit interaction the T1 time of the NV0 electron spin is more
than 2 orders of magnitude shorter than of NV− [132]. According to the simulation in
[15] T1 of NV0 should be around 13 µs. This represents a fast fluctuating noise source for
the 14N nuclear spin and leads to a substantially shorter Tmem

1 NV 0 time.
Indeed the values for Tmem

1 NV − are longer (see figure 4.10 A). However the magnetic
field scaling is not solely following a quadratic relation. While for small magnetic fields
we observe a quadratic behavior, Tmem

1 seems to saturate for high magnetic fields. The
results can be fitted by the sum of a magnetic field dependent term and a constant term:

Tmem
1 NV − =

[
[1.7(1.2) · 103 s

T 2 · (B − 0.1 T )2]−1 + [260(40)s]−1
]−1

. (4.20)

The quadratic magnetic field dependence is expected from the hyperfine part. The origin
of the constant term on the other hand is unclear and further measurements are necessary.
Furthermore the measured Tmem

1 times are three orders of magnitude smaller than the
expectation. Interaction with phonons via the spin-orbit coupling could be one limiting
possibility. However the latter is negligible for the ground state. One explanation could
be that the here used 14N nuclear spin exhibits a quadrupole interaction. The electric
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quadrupole moment might experience a different electric field upon vibration at the po-
sition of the nucleus. This would open a channel for interaction between phonons and
the nuclear spin which is usually not observed. Nevertheless with a measured Tmem

1 of
260 s the 14N memory spin shows its potential as a storage medium for example in high
resolution NMR experiments [30].
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Figure 4.9.: Tmem
1 measurement of 14N . A Pulse sequence of the 14N T1 measurement is shown.

Subsequent SSR steps of the nuclear spin with 4000 repetitions are interrupted with a varying waiting
time τ . In addition to the SSR, charge state SSR (see [36]) can be added in order to post-select the
different charge state cases. For charge state SSR a 594 nm laser with a intensity of 1 µW is applied
for 20 ms. B The graph shows the Tmem

1 lifetime at 1.35 T. The data shows two different decay
constants, 0.5 s and 180 s. The fast decay corresponds to those measurement runs, during which the
NV center resides in the NV0 charge state, the slow decay corresponds to the NV− case. By using
charge state readout and data post selection, one can isolate pure NV0 and NV− measurements. C
The measurement for the NV0 charge state and D for NV− is performed at a B-field of 1.5 T.
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Figure 4.10.: Magnetic field scaling of 14N lifetime. The Tmem
1 measurements are performed

at various magnetic field points. A shows the magnetic field scaling of Tmem
1 time of 14N in the

case when the NV center resides in the NV− charge state during the waiting period. B shows the
corresponding case of NV0.
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5. Nanoscale NMR spectroscopy
based on sensor-memory
entanglement

5.1. The nanoscale regime

The quest for a technique that is capable of detecting NMR signal of nanometer scale sam-
ple volume lasted for decades. It was motivated by the poor sensitivity of conventional
NMR requiring millimeter scale samples, far greater than the size of single molecules.
The signal in conventional NMR is based on the weak thermal polarization degree and
therefore limits its sensitivity. Thermal polarization depends on the applied magnetic
field and temperature (see equation 1.15). At room-temperature (T = 300 K) and at an
applied magnetic field of B = 3 T the thermal polarization of 1H yields a value of 10−5.
Micro-coils increase the sensitivity and as a result the detection volume is reduced to the
range of (3 µm)3 [4, 5]. The nanoscale molecular regime was reached for the first time
by the MRFM technique [12, 66, 13, 181, 71] (see chapter 1.5). This technique provides
unprecedented sensitivity of NMR detection but requires low temperatures and vacuum
conditions. The latter requirements restrict its application to a limited number of sam-
ples.
The NV center in diamond, on the other hand, possesses an electron spin, capable of
sensing its environment at ambient conditions. It can be optically readout and combined
with the known methods of EPR and NMR. And indeed single shallow NV centers have
demonstrated the detection of nuclear spins out of a ∼ (10 nm)3 sample volume, located
on top of the diamond surface [24, 25]. One of the main differences between conventional
NMR and nanoscale NMR is that the latter is based on detection of statistically polar-
ized nuclear spins rather than thermally polarized [182]. Statistical polarization becomes
significant for small number of nuclear spins. Here the randomly orientated nuclear spins
build up a net magnetization which is not averaged out. This magnetization fluctuates
on the timescale of T1 and changes in amplitude over time. The number of statistically
polarized spins is

√
N with N being the total number of spins. The statistical polariza-
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5. Nanoscale NMR spectroscopy based on sensor-memory entanglement

tion can be seen as the variance of the Boltzmann distribution 1.15. While the degree
of thermal polarization is independent from N the number of nuclear spins, the average
statistical polarization increases with the inverse of the square-root of N spins.

SP =
√
I + 1

3I
1
N

(5.1)

[183]. In conventional NMR the statistical polarization is negligible. However by decreas-
ing the number of spins in the detection volume, the statistical polarization can at some
point start dominating over the thermal polarization. This critical number of spins marks
the cross-point between the thermal and the statistical polarization:

NC = 3
I(I + 1)

(
kBT

~γB

)2

(5.2)

For T = 300 K and B = 3 T the critical number of 1H nuclear spins is 2 · 109. A solution
with organic molecules typically has a 1H spin density of 50 nm−3. For a detection volume
of e.g. (10 nm)3 the number of 1H nuclear spins is 5 · 104 and thus orders of magnitude
below the critical number. The detection volume contains the number of spins that
contribute to 50 % of the signal.

In the case of NV based NMR detection, nearby (typically in a distance of 10 nm)
statistically polarized nuclear spins are inducing a phase accumulation on the NV electron
spin. With the nanoscale NMR detection at ambient conditions the NV center in diamond
offers new possibilities for NMR.
NMR spectroscopy requires high spectral resolution which is not straightforward to

achieve in nanoscale NMR. Chapter 1.3 has described in detail how the interpretation
of high resolution NMR spectra can be used to identify molecules within a sample. The
main effects governing the shape of the NMR spectrum for example of liquids are chemical
shift and J-coupling. Chemical shift is the shielding or anti-shielding effect of the applied
magnetic field at the nuclear spin position through the local electron density. The effect
increases with the applied magnetic field. This has lead to the definition of a relative
spectral resolution in ppm which is independent of the magnetic field: δ = ω−ωref

ωref
(see

also equation 1.19). As introduced in chapter 1.3 the values of chemical shift depend
i.a. on the electron negativity of the atom and can be in the range of ∼ 100 ppm for
19F and ∼ 13 ppm for 1H (see figure 1.1). Hence for 1H NMR spectroscopy a relative
spectral resolution of at least ∼ 1 ppm is required for molecule identification. Generally
the spectral resolution depends on the maximum achievable phase accumulation time T:

δν = 1
πT

. (5.3)

In this definition the magnetic field does not occur. However increasing the applied
magnetic field facilitates the observation of NMR peaks originating from chemical shift
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quantum sensor + 

memory

Figure 5.1.: Sketch of NV nanoscale NMR. The NV center electron spin (quantum sensor) and
its associated nuclear spin (quantum memory) are located approximately 30 nm deep in the diamond
lattice. The sample of interest contains molecules and is placed above the diamond surface. The
molecule indicated is perfluoropolyether (PFPE). The nuclear spins of the molecules generate a signal
which is detected by the quantum sensor. The coupling strength between the sensor and the sample
spins is depending on the distance. Therefore a volume can be defined from where more than 50 % of
the signal is originating. This so-called detection volume is indicated by a red coloured hemisphere.
(designed by Ingmar Jakobi).

effects. At 0.03 T the 1H chemical shift of 1 ppm translates into a shift of 1.3 Hz in
absolute frequency units. Increasing the field to 3 T corresponds to a shift of 127.7 Hz.
The magnetic field B can be included in equation 5.3 which leads to the definition of a
relative spectral resolution:

∆δ = 2
γ ·B

· 1
T
. (5.4)

The dependence of this parameter (in ppm) to the applied field B and the phase acquisition
time T is plotted in figure 5.2. In addition to this a line shows the maximum observed
1H chemical shift range and indicates which magnetic field B and time T is required to
resolve chemical shift peaks. It becomes clear that it is beneficial to apply a high magnetic
field. This is one of the reasons why most of the NV nanoscale NMR experiments of this
study are carried out at 3 T. Contrary to the chemical shift, the J-coupling is independent
from B but depends on T. Therefore the (typically observed) frequency shifts for 13C -1H
and 1H-1H J-couplings are plotted with vertical dashed lines in the 2d plot. The main
question is what is limiting the maximum achievable phase accumulation time T.
First of all the sensor itself sets a constraint to the available time. Depending on

the used pulse sequence this limit can be the coherence time T sensor
2 or the longitudinal
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Figure 5.2.: Relative spectral resolution in ppm and required parameters for molecular struc-
ture analysis with 1H NMR spectroscopy. A 2-dimensional plot for the relative spectral resolution
[ppm] defined in formula 5.4 is shown. On the y-axis the applied magnetic field B is varied and on
the x-axis the measurement time T. The dashed vertical lines mark the required parameter regime
for resolving proton-proton and proton-carbon J-couplings ( JHH and JCH). Solid green line refers
to the maximum observed 1H chemical shift in known molecules (∆δ < 13 ppm).

relaxation time T sensor
1 . The second limitation is the T ∗2 of the sample spins. As explained

in chapter 1.1, for solid state samples the T ∗2 of the nuclear spins is short due to dipolar
interaction among the spins. For liquid state samples on the other hand the situation
is different. Due to the motional averaging effect the dipolar interaction is canceled out
and this results in a long T ∗2 time. For liquid state samples a third limitation has to be
pointed out, which is the diffusion time TD. The spins closer to the sensor are contributing
stronger to the NMR signal than the one farer away. The diffusing spins in the liquid
can at some point have a very large distance to the sensor spin and become uncorrelated
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to them. Hence they will not contribute to the NMR signal anymore. This time scale
can be described by the diffusion time TD. Due to the randomly changing magnetic field
amplitude Brms generated by the statistically polarized spins, the field is inhomogeneously
distributed over the sample. Consequently the spins that replace the previously correlated
spins would generate a different signal. As a result the diffusion time TD sets another
limitation to the spectral resolution. Therefore three time scales limit the relative spectral
resolution:

∆δ = 2
γ ·B

·
(

1
T sensor

2
+ 1
T ∗2

+ 1
TD

)
︸ ︷︷ ︸

T−1

. (5.5)

In this chapter it will be explained in detail how it is possible to increase the relative
spectral resolution 5.5 by a factor of 10,000 compared to previous studies in order to
record chemical shift resolved NMR spectra. Figure 5.3 shows a schematic representation
of the NV nanoscale NMR sensor. As introduced in chapter 2.6 the sensor spin in diamond
is placed in a room-temperature bore of a superconducting vector magnet. The magnet
delivers a field strength of up to 3 T (main coil). The fluorescence response of the sensor
is readout optically by a confocal microscope. The nuclear spins are manipulated by a
RF wire and the electron spin by a MW waveguide to antenna structure. The sample
of interest is placed right on top of the diamond surface and the sensor is capable of
detecting the NMR signal of the sample.
In the following the structure of the chapter will be described. The title of each part is

italicized. In the second section Sensing of AC signals with NV centers the previous and
ongoing work in the field will be reviewed and the measurements of this study will be set
in context. The next part is devoted to the Characterization of shallow NV centers, which
is the first step towards NV nanoscale NMR. The NMR with spin locking part shows the
first successful attempt of this work to detect external (1H) spins. The following section
describes the Hamiltonian of sensor, memory and sample spins. The interplay between
the sensor, memory and sample spins which is underlying the high resolution NV nanoscale
NMR experiments is explained in the Quantum metrology framework section. The Sample
signal part explains how the signal is generated. After that the dependence of the signal
to the NV depth is further discussed for Depth determination. In the next part the Spatial
diffusion on the nanoscale in liquids is investigated. With all the necessary ingredients
at hand high resolution Liquid state NMR spectroscopy experiments are described. This
section first starts with Ramsey measurements of liquids containing 19F spins and ends
with measurements on 1H spins. Afterwards Spin diffusion on the nanoscale in solids
is examined. Along the same lines the Solid state NMR spectroscopy part deals with
Ramsey and homonuclear decoupling experiments on solid-state samples with the goal
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sample @ RT

fluorescence detection
laser
illumination

MW

NV diamond @ RT
nano NMR probe

super-
conducting
magnet

RF

Figure 5.3.: Schematic representation of the NV nano NMR sensor. The diamond containing
the shallow NV centers is situated in the room-temperature bore of a superconducting vector magnet.
In its main direction it can produce a magnetic field of 3 T and 0.2 T in the two other directions. The
sample is either in a liquid or a solid form and is placed on top of the diamond surface. Excitation
of single NV centers is conducted by illumination of a 532 nm laser through a high-NA oil objective.
The fluorescence response is collected by the same objective and recorded by an APD. Electron spin
manipulation is conducted with microwaves in the frequency range of 60 GHz to 90 GHz. Hollow
waveguides are used to guide the microwaves to the diamond lattice. The memory spin and the
sample spins are manipulated by RF excitation through a wire.

of achieving high spectral resolution. The nanoscale NMR measurements on liquids and
solids can be combined to perform Multilayer NMR spectroscopy. For future applications
it is important to analyze the Sensitivity of the technique, which is discussed in a section.
The NMR method of this study is compared to other methods in the section with the title
Comparison to other NMR methods. The chapter ends with an Outlook which describes
how NV nano NMR spectroscopy could be developed further and have a larger impact.
The work presented in this chapter has been published in [184] and [15].

5.2. Quantum metrology with NV centers

In all NV NMR applications the electron spin of the NV center in diamond serves as
the sensor spin. The sensor spin needs to be in close proximity of the sample spins as
the Brms field drops by 1/d3/2 with d being the sensor depth. For the detection of spins
outside of the diamond it is therefore necessary to create shallow NV centers close to the

74



5.2. Quantum metrology with NV centers

surface. In addition to this the challenge is to reach sufficiently long T sensor
2 and T sensor

1

times of the NV electron spin. In chapter 2.2 the different methods for the creation of
NV centers are described. There is an on-going effort to increase the yield of NV center
creation and improve the coherence properties of the shallow NV centers [185, 186]. Re-
cently the investigation of low energy nitrogen ion implantation has lead to interesting
findings [187]. The di-vacancy (V2) defect has been identified as a dominant source of spin
relaxation. Its formation during the annealing process can be suppressed by charging the
implantation induced vacancies. The latter is achieved by implanting the nitrogen ions
through a boron doped diamond layer which represents a charge layer of free carriers.
This approach not only increases the spin coherence times by a factor of ten but also
doubles the NV center yield. Furthermore diamond samples with a diluted nuclear spin
bath (12C concentration exceeding 99.995 %) also lead to an improvement in coherence
times. In these samples bulk NV centers can yield T sensor

2 times reaching the ms scale [15].
Indeed shallow NV centers benefit from the diluted spin bath as well. The presence of
noise sources on the diamond surface or in its vicinity limit the T sensor

2 times of shallow
sensor spins [188, 189, 190]. Therefore T sensor

2 times are typically shorter for NV centers
closer to the diamond surface.
Statistically polarized 1H spins in a volume of (5 nm)3 can generate a net magnetic field

of 390 nT at the position of a 7 nm distant sensor spin [24]. The detection of this tiny
NMR signal requires a minimal coherence time as will be discussed in the following. For
the measurement of its magnetic field environment, the Ramsey sequence can be applied
on the sensor spin (as discussed for nuclear spins in chapter 1.2). After the initial π/2
pulse the sensor spin becomes sensitive to the magnetic field environment. The latter
results in an accumulation of phase which can be mapped onto the sensor spin popula-
tion with a second π/2 pulse and finally readout. The phase can be acquired for a time
period limited by the decay time of the sensor spin, which is T ∗2 . However application
of dynamical decoupling (DD) sequences allows to exploit the longer T sensor

2 time (see
chapter 1.2). These sequences are refocusing the sensor spin by filtering out noise fre-
quencies (e.g. created by the 13C nuclear spin bath) that are slower than the refocusing
frequency [17, 18, 19, 20]. The most basic form of dynamical decoupling is the Hahn
echo pulse sequence which adds a single π pulse in the center of the phase accumulation
time of a Ramsey experiment [49]. It can be extended by more π pulses with different
phase cycles e.g. XY-4 and KDD-XY. These sequences not only filter out spin noise but
also counteract detunings and imperfect π pulse lengths. This leads to coherence times
T sensor

2 reaching T sensor
1 and has been shown for the NV center [19, 191]. By applying DD

sequences, phase accumulation can be achieved for time scales sufficient for the detection
of the NMR signal. However as pointed out the DD sequences also filter out the spin
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noise, coming from the sample. Therefore it is important to make the sequences selective
to the resonance frequencies of the nuclear spins. Two approaches have been followed in
that regard which lead to the detection of nanoscale NMR.
The first demonstration of NV nano NMR has been achieved independently in two labs

(University of Stuttgart and IBM Research). Mamin et. al at IBM Research has used
comparatively deep sensor spins (10 - 50 nm) which are less sensitive to spin noise on
the surface [25]. Applying a Hahn echo sequence is therefore sufficient to achieve a few
hundred µs in coherence time. A PMMA layer containing 1H spins has been placed on top
of the layer. Selectivity to these 1H spins has been achieved by flipping the magnetization
of 1H spins. For this purpose resonant RF π pulses are applied on the 1H spins in both
phase accumulation periods. On the other hand the sensor spins in the work by Stau-
dacher et. al (University of Stuttgart) have a depth of only 7 nm. Since their proximity to
the diamond surface shortens their coherence time significantly, a higher order dynamical
decoupling sequence (XY8-112) needs to be applied [24]. Each dynamical decoupling is
associated with a filter function in the frequency domain. Depending on the rate of the π
pulse application, the filter function is moving in frequency. Hence it can be brought in
resonance with the transition frequencies of the nuclear spins. At this frequency point the
sensor spin experiences decoherence which can be measured. With this so-called Dynam-
ical Decoupling Noise Spectroscopy (DDNS) method 1H spins in liquid and solid samples
have been detected.
The two approaches differ in the active or passive detection of nuclear spins. In both

cases the sample volume that accounts for more than half of the signal is coming from a
half-sphere on the diamond surface with a diameter on the order of the NV depth. The
minimal achieved detection volume of (5 nm)3 is 12 orders of magnitude smaller than
required in conventional NMR.
Next the nanometer detection volume can be exploited for imaging purposes. There

are mainly two possibilities for its implementation. The first one is the combination with
scanning probe microscopy and the second one is widefield imaging. Both have been
realized with the NV center in diamond. An AFM tip containing the sample has been
scanned over the NV center in diamond [43]. During scanning the filter function of the
DDNS sequence is on resonance to the sample spins. Once the sample spins are located
within the detection volume of the sensor spin, the NMR signal is detected. A resolution
of ≈ 10 nm has been achieved by this technique. It is limited by the distance between the
sample spins and the sensor spin. In one work a structure containing 19F and 1H spins
was imaged with chemical contrast by exploiting their different gyromagnetic ratio [43].
In a parallel work the imaging of a PMMA sample attached to a quartz tuning fork is
demonstrated [44]. It is also possible to scan the sensor spin and have the sample station-
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ary. For example integration of the sensor spin into the AFM tip is possible [192]. The
widefield approach on the other hand uses an ensemble of sensor spins to detect nuclear
spins with a resolution limited by optical diffraction1 [27, 193]. Here a sample with 1H
and 19F enriched areas has been imaged [27].
One of the aims in NV nanoscale research is to achieve a sensitivity of detecting single

nuclear spins outside of the diamond. For this purpose the distance of the sensor spins
to the diamond surface has to be reduced while maintaining the coherence properties.
Detection of NMR based on a shallow NV center with a depth of only 1.9 nm has been
shown [26]. Furthermore the sensor spins sensitivity has been increased to the point where
detecting single nuclear spins becomes possible [194]. Multiple single nuclear spins located
in a silica layer (placed on top of the diamond) have been detected and their positions
relative to the sensor determined [194]. The first detection of single proton spins has
been accomplished by exploiting optically inactive electron spins on the diamond surface
as reporter spins [46]. Due to their higher gyromagnetic ratio the dipole-dipole coupling
to these so-called dark spins is stronger compared to nuclear spins. Hence shorter phase
accumulation times in the used DEER sequence are sufficient to detect the signal of the
nuclear spins. The much smaller distance of the dark spins to the nuclear spins facilitates
their detection. For this purpose the DEER sequence is modified in order to detect single
proton spins next to the dark spins [46]. The detection of single nuclear spins paves the
way to the yet to achieve imaging of single molecules. In fact the relative position of
the nuclear spins is encoded in the hyperfine couplings [46]. A magnetic field gradient
can further increase the spectral shift between the nuclear spins in the obtained NMR
spectrum. Hence it facilitates the localization of each single nuclear spin. In the case of
the NV center, magnetic write heads have been characterized as a source of a magnetic
field gradient and a gradient of 10 mT/nm has been achieved [195].
While in the proof-of-principle NMR experiments the samples were not interesting

for biology or chemistry the recently detected samples might get more attention for the
prospected applications. For example single protein NMR detection via shallow NV cen-
ters in diamond has been demonstrated [196]. Furthermore Nuclear quadrupole resonance
(NQR) spectroscopy of hexagonal boron nitride (hBn) samples has been shown [197]. The
increased sensitivity and proper sample preparation even allowed the detection of a mono-
layer of hBn [197]. This opens the route to a quantum simulator based on an array of
nuclear spins in a 2d material [198].
For all NMR experiments discussed so far achieving a high spectral resolution has not

been the focus. For example in the first NMR detection paper by Staudacher et al the

1More information on the limit set by optical diffraction and methods to overcome it can be found in
chapter 6.
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linewidth of the NMR peak is 14 kHz. This corresponds to a relative spectral resolution
of ∼ 16000 ppm (see eq. 5.5) at a magnetic field of B = 0.02 T. However for molecular
structure analysis it is important to resolve the chemical shift and J-coupling splittings
in the NMR spectrum (see chapter 1.3). The typical 13C -1H J-couplings are in the range
of ∼ 135 Hz and 1H-1H J-couplings are even smaller: ∼ 7 Hz. The chemical shift of 19F
spins can vary in a range of 100 ppm and 1H spins show a range of 13 ppm (see figure 1.1
and 5.2). It becomes clear that molecule identification is not possible with the previously
achieved spectral resolution.
Three time scales are governing the achievable resolution as indicated in equation 5.5.

The first limitation comes from the sensor spin itself [24]. The DD sequence in DDNS
decays and looses all its correlation to the nuclear spins on a timescale of T sensor

2 . One
route to overcome this is to perform correlation spectroscopy [50, 199]. Here the phase
accumulation or sensing time is separated into two parts. In the center the phase infor-
mation is stored on the electron spin population. A correlation between the two sensing
parts then yields the NMR signal. The maximal possible length of the central storage
part limits the spectral resolution. The corresponding decay time scales is the T sensor

1

time. Consequently T sensor
2 can be replaced in equation 5.5 by the longer T sensor

1 :

∆δ = 2
γ ·B

·
(

1
T sensor

1
+ 1
T ∗2

+ 1
TD

)
︸ ︷︷ ︸

T−1

. (5.6)

The T sensor
1 time for bulk NV centers is ∼ 5 ms, which would correspond to a spectral

resolution of ∼ 64 Hz (equation 5.3). This would represent a large improvement compared
to previous studies. It would however still hinder e.g. the detection of 1H-1H J-couplings.
Furthermore the T sensor

1 times of shallow NV centers are typically much shorter than of
bulk NV centers [188, 189, 190].
Recently a novel quantum metrology method has been proposed and realized by three

different groups (Jelezko, Degen and Walsworth) which claim to achieve a sensor inde-
pendent spectral resolution [200, 201, 39]. It is named Qdyne (by the Jelezko group)
and combines conventional heterodyne detection with sensing via a quantum probe (NV
electron spin). The idea is based on the coherent nature of a signal during the course of
a long measurement. The signal can e.g. be an oscillating magnetic field generated by
a signal generator. In this case the sensing result of the sensor spin will depend on the
signal’s initial phase relative to the beginning of the measurement. Typically this signal
phase is averaged out when multiple measurements are conducted. However with the help
of an external clock of high precision this initial signal phase can be tracked by subsequent
sensing steps. Consequently a correlation between the multiple measurement results in
a reconstruction of the sample signal. The best achievable spectral resolution of a test
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signal of 0.6 mHz is independent of the sensor relaxation time. It is only limited by the
stability of the external clock. Moreover the precision in frequency estimation scales with
1/T3/2

total instead of 1/T1/2
total which is the case in correlation spectroscopy, with Ttotal the

total measurement [200]. In comparison Qdyne continuously acquires the sample phase.
In contrast to that in correlation spectroscopy the sensor spin is not accumulating any
phase during the storage time.
Despite these advantages the cited work failed to detect high resolution NMR spectra

of nanoscale samples obtained with a single sensor spin. With the Qdyne method high
spectral resolution has only been achieved with an ensemble of 5 · 108 sensor spins de-
tecting a volume of (10 µm)3 containing nuclear spins. The detection is based on thermal
polarization and makes the µm scale on the sensor and the sample spins side necessary.
The signal generated by thermally polarized spins does not alter spatially and hence is
not lost by diffusion. The other reason for the failing attempt to combine high spectral
resolution and nanoscale NMR detection is measurement back-action. For a single nuclear
spin or a nanoscale ensemble the continuous projection of the sensor leads to back-action
on the nuclear spin which limits its coherence lifetime and broadens the NMR peak. In
fact all previously obtained NV spin based NMR spectra are broadened by measurement
back-action [15]. However for µm scale distances to the sample spins like in the mentioned
work the back-action effect decreases in accordance to the hyperfine interaction.
This work presents solutions to overcome the obstacles of nanoscale NMR and achieves

nanoscale NMR detection along with high spectral resolution. A novel method is in-
troduced which exploits a quantum memory based on the host nitrogen nuclear spin. In
chapter 5.13 the quantum memory approach will be compared to the other NMR methods
including Qdyne.

5.3. Characterization of shallow NV centers

The NV nanoscale NMR work is highly depending on the successful formation of NV
centers close to the diamond surface. Moreover long T sensor

2 times are required for the
detection of nanoscale NMR signal. Hence it is necessary to characterize the shallow NV
centers thoroughly before the actual NMR measurement.
The experimental setup does set constraints onto the diamond sample that can be used.

The main coil with a field strength of 3 T is much stronger than the alignment coils with
0.2 T. Hence it is necessary to match the main coil’s orientation with one of the crystal
axes in the diamond lattice. Since the main coil is pointing along the optical path, the NV
axis is required to be perpendicular to the surface. Diamond crystals with 〈111〉 surface
orientation do have this crystal axis and can therefore be used. Furthermore spin control
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of the shallow NV centers is performed by the CPW resonator located on the other side
of the diamond. Simulations and experiments show that with the available MW power
the distance between the sensor spin and the MW antenna should not exceed 100 µm
(see chapter 3). Otherwise the Rabi frequency is too small to achieve the full sensor spin
resonance contrast (≈ 30 %). Consequently the diamond’s thickness needs to be less than
100 µm. It is very challenging to get a suitable 〈111〉 diamond membrane since 〈111〉
diamond surfaces are the hardest to polish.
The 〈111〉 diamond used for the NV nanoscale NMR is provided by Prof. Isoya from

the University of Tsukuba in Japan. It is laser-cut from a low strain, (100) high pressure
and high temperature (HPHT) diamond. Its surfaces are polished and its dimensions are
2 mm x 2 mm x 0.088 mm. The concentration of P1 centers is 11 ppb. Its 12C abundance
is 99.995 %.
The 〈111〉 diamond membrane with its diluted nuclear and electron spin provides a

good basis for the creation of shallow NV centers. The facilities in Stuttgart provide
the possibility of 15N+ and He+ implantation with energies up to 10 keV and a variable
implantation dose. In contrast to previous studies [194, 46] the goal of this work is not
to detect single nuclear spins. Hence it is not necessary to place the sensor spin as close
as possible to the diamond surface. The single NV electron spins can be located deeper
in the diamond as long as they are capable of detecting a nanoscale ensemble of nuclear
spins. In the discussion of section 5.8 it will be shown that for example a 30 nm deep NV
center requires a sensing time of 100 µs for achieving 50 % NMR contrast (for a typical
spin density). At this large distance to the surface compared to previous studies [24] the
implantation induced noise should play a minor role and the time scale of 100 µs should
be within the realms of possibility.
The focus in this work is to achieve the best possible spectral resolution. Equation

5.6 shows that the diffusion time TD plays a crucial role for the achievable spectral
resolution. The diffusion time TD is ultimately related to the detection volume and
increases proportionally to it. On the other hand the detection volume scales by ∼ d with
the sensor spin depth d (see chapter 5.8). As a result TD increases linearly with the NV
depth d as well.
Previous NV NMR studies have used an energy of 2.5 keV for the implantation of 15N+

and achieved a NV depth of ∼ 7 nm [24]. In this work an implantation energy of 5 keV
is selected to achieve larger depths of the NV centers. This comes along with the ion
channeling effects in 〈111〉 diamond which are expected to be more pronounced than in
the 〈100〉 case. As a result larger depths are expected compared to other studies. The
15N+ are implanted with a dose of 5 · 109 cm−2 in order to get single NV centers in a
diffraction limited spot. After the implantation, the diamond is annealed at 950 °C for 2
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hours. The latter leads to diffusion of vacancies to the surface and enables the formation
of stable NV centers.
Various steps have to be taken before a NV center can be found, which is suitable for

NMR application. After mounting the diamond sample into the setup, the magnetic field
is aligned along the NV axis. The alignment is conducted at the LAC of the excited state
(at 0.05 mT) as described in chapter 4.2. Here the fluorescence response is very sensitive
to misaligned fields. Once the magnetic field is aligned at 0.05 mT and the alignment
angle is known, the absolute magnetic field along the NV center axis can be increased to
3 Tesla. The sweep to 3 Tesla does change the angle slightly as the coils are not perfectly
perpendicular to each other and there are hysteresis effects. However the so introduced
mismatch between the NV axis and the field direction does not significantly affect the
sensor or memory spin properties. If required, magnetic field alignment at 3 Tesla is
possible by measuring the Tmem

1 time of the nitrogen nuclear spin for different field angles
(see chapter 4.3).
The fluorescence level is the first indicator for a suitable single NV center and excludes

three out of four NV centers as they are misaligned. The achieved spin contrast in a pulsed
ODMR measurement is the second indicator and should ideally reach 30 %. It might be
reduced due to local background fluorescence coming from the surface or due to charge
state instability. Finally the T sensor

2 time needs to be longer than 100 µs for the expected
depths of more than 30 nm. The sequence used for high resolution NMR is a Hahn echo
type measurement and will be described in section 5.6. Hence the crucial parameter is
the T sensor

2 time measured by a Hahn echo sequence. The latter has been measured by
exploiting the 15N nuclear spin as a memory spin for SSR. Figure 5.4 shows the result of
a Hahn echo measurement yielding a T sensor

2 time of 539 ± 23 µs. The measured T sensor
2

times range from 1 µs to 550 µs. Approximately 3 % of the NV centers with the correct
crystal orientation yield a T sensor

2 time of more than 100 µs. The reason is that due to the
high implantation energy and ion channeling effects the ions are scattered in a wider area.
Especially the shallower NV centers (d < 10 nm) are sensitive to the spin noise coming
from the vacancy related defects and from noise coming from the surface. In addition to
this the diamond sample contains an inhomogeneous concentration of boron impurities
which act as electron acceptors and can alter the charge state. In section 5.8 the depth of
the NV centers is determined. It can be noticed that the sensor spins with T sensor

2 times
exceeding 300 µs also have a depth d of more than 30 nm. This underlines the dependence
of T sensor

2 times and the distance to the diamond surface. Various sensor spins are found
which show a T sensor

2 time sufficiently long for NMR detection and can be applied for the
latter.
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Figure 5.4.: Hahn echo measurement of sensor spin A shows the pulse sequence of the Hahn
echo experiment performed via SSR of 15N. B shows the result of the Hahn echo measurement of a
sensor spin with a depth of 49.2 ± 0.3 nm. The results are fitted by an exponential function of the
form A · exp(-(t/T sensor

2 )p) with T sensor
2 = 539 ± 23 µs, p = 2.0 ± 0.2 and A = 0.44 ± 0.02.

5.4. NMR with spin locking

Different methods have been applied for the detection of nuclear spins via the NV center
in diamond and discussed in section 5.2. Another approach is the NMR detection based
on spin-locking which is described in this section. Although the high spectral resolution
in NMR is obtained with another method based on a memory spin (see section 5.6), the
spin-locking method is exploited for a first test of the created shallow NV centers. In
comparison to the DDNS method it sets less demands to the resources required for its
implementation as will become clear in the course of the section. Spin-locking is especially
useful for spin polarization transfer from one spin species to another. For example in
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5.4. NMR with spin locking

DNP the thermal polarization of electron spins can be transferred to nuclear spins via
spin-locking [7]. Here a modified version of spin-locking is employed for the detection of
nuclear spins via shallow NV centers.
In general polarization can be transferred by flip-flop processes between the spins.

The rate depends on the energy mismatch between the corresponding spin states and is
maximum for degenerate spin states. For spins with a differing gyromagnetic ratio, like in
the case of the electron and nuclear spins, flip-flop events are suppressed. One possibility
to bring the spin states in resonance to each other is by simultaneously driving transitions
of both spin species and fulfilling the so-called Hartmann-Hahn condition [202]:

Ω1 = Ω2 (5.7)

γ1B1 = γ2B2 (5.8)

with Ωi being the Rabi frequency, γi the gyromagnetic ratio, Bi the amplitude of the
resonant alternating magnetic field and index i=1,2 for the two spin species. In this case
a double resonance in the rotating frame is created. It has been observed in the experi-
ment that simultaneous driving of both nuclear and electron species induces decoherence
on each other. Furthermore the small gyromagnetic ratio of the nuclear spins makes it
difficult to achieve the Rabi frequency of the electron spins.
Alternatively it is also possible to transfer the polarization by only controlling the elec-

tron spin by an alternating magnetic field. This method is called Nuclear spin orientation
via electron spin locking (NOVEL) and its sequence is shown in figure 5.5. |0〉 and |1〉 are
in the case of the NV center the spin states associated with ms=0 and ms=-1. Here the
ms=+1 state is ignored in the consideration but it is in principle possible to replace the
ms=-1 state by the ms=+1 or even to implement a double quantum transition between
the ms=-1 and ms=+1 [203, 204]. The electron spin is first initialized in one of the two
eigenstates. In the case of the NV center a laser pulse is sufficient for an initialization of
more than 92 %. A π/2 pulse along the x-axis flips the electron spin into the xy plane of
the Bloch sphere. Immediately afterwards a continuous MW field along the y-axis locks
the electron spin. This so-called spin-locking pulse creates MW dressed states:

|+〉 = 1√
2

(|0〉+ |1〉) (5.9)

|−〉 = 1√
2

(|0〉 − |1〉) (5.10)

The separation between them is given by Ω, the Rabi frequency of the spin-locking pulse.
Afterwards a second π/2 pulse along the x-axis maps the phase information onto the
electron spin’s population. The sequence concludes with a readout laser pulse. The dy-
namic range of the signal can be obtained by introducing a reference measurement. This
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5. Nanoscale NMR spectroscopy based on sensor-memory entanglement

is achieved by alternating the phase of the second π/2 pulse by π. The reference mea-
surement also counteracts background fluorescence effects. In the absence of a resonant
interaction with nuclear spins, the signal of the spin-locking pulse will decay with T1ρ.
The T1ρ time can be as long as the T1 time of the electron spin and strongly depends on
the amplitude stability of the MW field. This is closely related to the power stability of
the used MW source.
The condition for polarization transfer is satisfied when Ω matches the Larmor fre-

quency of the nuclear spins:
γeB1e = γnB0 (5.11)

with γe and γn the gyromagnetic ratio of electron and nuclear spin, B1e the amplitude of
the alternating magnetic field acting on the electron spin and B0 the applied magnetic
field.
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Figure 5.5.: Pulse sequence NMR detection via NOVEL The sequence has three parts: the
initialization, the spin locking part and the readout. The upper part shows the quantum gates that
are applied on the sensor spin. On the bottom the corresponding laser and MW pulses are depicted.
The spin locking time is limited by the T1ρ time. The spin locking sequence is primarily used to
polarize the sample spins and needs to be extended for the detection of sample spins (see text). For
this purpose the phase of the spin locking pulse needs to be alternated by 180° after each run. In
addition to this the phase of the final π/2 pulse is alternated between φ = 0° and φ = 180° to get
the full dynamic range of the signal.

For the detection of the nuclear spin bath the NOVEL sequence needs to be modified.
In general the idea is that the NV electron spin is transferring its polarization to hyperfine
coupled nuclear spins. As a result the NV electron spin becomes unpolarized which can
be detected. However this polarization leakage is only observable for an unpolarized spin
bath. Once the nuclear spin bath is polarized to 100 %, flip-flop processes between the
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Figure 5.6.: Results NMR spin locking detection of 1H and 13C spins A NMR spectra of 13C
spins in the diamond lattice at B=0.057 T. Spin locking time is set to 100 µs. B NMR detection of
1H spins in polybutadiene (immersion oil) at B=0.054 T. Spin locking time is 100 µs.

electron and nuclear spins cannot occur anymore. Consequently no effect of polarization
leakage will be observable on the electron spin. The solution is to alternate the direction
along which the spin locking is performed (see figure 5.5). This alternates the direction of
the induced nuclear spin orientation and leaves for the subsequent spin locking repetition
the right orientation.
The detection of nuclear spins by the NOVEL technique is demonstrated for 13C spins

in diamond and for 1H spins in immersion oil (polybutadiene). For this purpose the length
of the spin-locking pulse is fixed and its Rabi frequency is swept. The latter is achieved
by varying the amplitude of the MW field. This can be implemented by mixing an ad-
justable signal generated by the AWG to a local oscillator signal. Hence it is necessary
to calibrate the amplitude of the MW signal with the Rabi frequency. Afterwards the
NOVEL sequence described in figure 5.5 can be applied for the sensing of nuclear spins.
Besides the required π phase shift of the spin locking pulse after each run, there is an
additional reference measurement as well. This results into four sequences, each yielding
a measurement result which can be subtracted from each other. The applied magnetic
field of B0 ≈ 50 mT represents the LAC of the excited state and leads to the polarization
of 15N nitrogen nuclear spin. Consequently the MW application on the sensor spins only
needs to be resonant to one of the three hyperfine induced lines. This prevents effects
caused by the detuning of the MW pulse.
The main parameter governing the magnetic field sensitivity is the maximum achiev-

able T1ρ time (analogue to the T sensor
2 time in DDNS). Spin-locking represents a form of

continuous dynamical decoupling. Therefore long T1ρ times reaching the T sensor
1 time can

be expected. These time scales are typically shorter for shallow NV centers. However as
explained in the previous section 5.3 the here used shallow NV centers have a rather large
depth of more than 30 nm which should protect them from surface noise [188, 189, 190].
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5. Nanoscale NMR spectroscopy based on sensor-memory entanglement

Additionally the importance of the MW power stability for T1ρ has been underlined.
Therefore a power-stable traveling wave tube (TWT) is used as an amplifier. As a result
a spin-locking pulse length of 100 µs shows an approximate 1/e decay (the non-resonant
amplitude in figure 5.6) which indicates a T1ρ time on the same order.
In figure 5.6A the Rabi frequency of the spin locking pulse is swept through the range of

the 13C Larmor frequency. At the point of resonance the spin state of the single NV cen-
ter is depopulated from the ms = 0 state which can be observed as a drop in fluorescence.
For the 13C spins in the diamond lattice a peak at 607.9 ± 0.3 kHz is measured, which is
consistent with the expected frequency at this magnetic field. Furthermore a FWHM of
46 kHz is observed. Based on the spin locking time of 100 µs a linewidth of 3 kHz would
have been expected. The much larger width can be explained by the large distribution in
hyperfine interactions. This is expected for a diamond sample with a natural abundance
of 13C . The NMR contrast amounts to 91 % and can be explained by the 100 µs long
spin locking pulse, which allows to polarize almost the whole 13C nuclear spin bath.
Next the frequency range is extended to the resonance of the 1H spins which are lo-

cated on top of the diamond surface. The 1H spin containing sample is immersion oil
which serves as a test sample. A nanometer scale volume of statistically polarized 1H
spins generates a peak at a frequency of 2.285 ± 0.002 MHz, which matches well with the
expected resonance frequency of 1H spins. The Lorentzian fit yields a linewidth (FWHM)
of 68 kHz. This large value in width can be explained by the diffusion of sample spins
(see section 5.9). The obtained NMR contrast of 18 % for a phase accumulation time of
100 µs indicates a depth of the shallow NV center of 43 nm (for a detailed description of
depth determination see section 5.8).
The spin locking method can be compared with the DDNS method. One important

aspect is the required Rabi frequency. In the case of spin locking the required Rabi fre-
quency has to exactly match the Larmor frequency of the sample spins. On the other
hand for DDNS the filter function is tuned to the resonance frequency of the nuclear
spins. The π pulses in the sequence are required to ideally act instantaneously, which
cannot be realized in an experiment. However they should be much faster than the Lar-
mor period. Otherwise during the π pulse, the spin will start evolving and acquiring a
phase. Therefore the required Rabi frequency for DDNS has to be larger than the Larmor
frequency of the sample spins. This can be a problem when MW equipment with high
power is not available which is especially the case for frequencies higher than 10 GHz.
Besides this lower condition to the required Rabi frequency another advantage of the spin
locking method is its unambiguous NMR detection. In DDNS on the other hand, higher
order resonances can make an unambiguous identification of the spin species difficult. For
example the fourth order resonance peak of 13C spins has a similar frequency than the 1H

86



5.5. Hamiltonian of sensor, memory and sample spins

frequency and has lead to false assignment to the latter. In general implementation of the
spin locking sequence is less complex since only three MW pulses are involved compared
to many hundreds in DDNS [24]. If a power stable MW source is available a T1ρ time
reaching the T sensor

1 time can be achieved.
For future applications it will be interesting to combine the polarization transfer from

NV centers to nuclear spins with subsequent high spectral resolution nanoscale NMR.
First studies have been conducted into this direction [204, 205, 206].

5.5. Hamiltonian of sensor, memory and sample spins

In this section the individual components of the NV nanoscale NMR system and their
interactions among each other will be described by the spin Hamiltonian H. Partly the
Hamiltonian terms have already been discussed in chapter 2.4 and chapter 4.1. However
here in addition to the sensor spin and the memory spin, sample nuclear spins have been
included.
A single NV center in diamond is the sensor spin. Its intrinsic 14N or 15N nitrogen

nuclear spin have the role of the memory spin. As shown by Waldherr et. al single 13C
spins in diamond can also act as memory spins [38]. The sample spins can be of any
nuclear spin species. In this study as an example 13C , 1H and 19F NMR spectroscopy
has been demonstrated. In principle electron spins can be investigated as well since their
frequency is detuned from the sensor spin (due to the ZFS).
Each of the components can be expressed by its Hamiltonian. Additionally an interac-

tion Hamiltonian can be defined.

H = Hsensor +Hmemory +Hsample +Hinteraction (5.12)

In the following each Hamiltonian term is described. The first term is the Hamiltonian
corresponding to the sensor spin. It consists of the zero field splitting (ZFS) and the
Zeeman term. The ZFS originates from the dipole interaction between the two unpaired
electron spins and has the magnitude D = 2.87 GHz. On the other hand the Zeeman
term of the sensor can reach 87 GHz in the experiment at a magnetic field of 3 T.

Hsensor = DS2
z + γsensorBzSz (5.13)

The second term deals with the memory spin. Analogue to the sensor spin it has a
Zeeman term as well. For the 15N it is around 9 MHz at 3 T. In the case of a 14N spin
an additional term comprising the quadrupole coupling would appear in the Hamiltonian
(see equation 4.3).

Hmemory = γmemoryBzI
memory
z (5.14)
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The sample spins interact with an applied magnetic field by Zeeman coupling. Depending
on the homogeneity of the magnetic field Bz, the field experienced by the sensor spin can
be different from the one exerted to the sample spins. However the detection volume in
this work is on the scale of ∼ (30 nm)3 and the distance to the sensor is ∼ 30 nm. The
inhomogeneity of the magnetic field is on the order of 10−12 ppm per nm in all directions.
Hence the same Bz can be applied to both the sensor and the sample spins. For 1H, 19F
and 13C spins the Zeeman term is 126 MHz, 118 MHz and 32 MHz, respectively, at 3 T.

Hsample = γsampleBz

∑
sample

Isamplez (5.15)

Finally the coupling of the spins to each other is summarized in the interaction term.
The sensor to memory coupling is the strongest with 3.03 MHz for 15N and 2.17 MHz
for 14N . This allows gate times to be on the µs scale. For the interaction between sensor
and sample spins the Sx,yIsamplex,y,z terms can be neglected due to the secular approximation.
The remaining terms are of the form of SzIsamplez on one side and SzIsamplex,y on the other
side. The DDNS based detection of sample spins is based on the latter terms. Contrary
to that the here used memory spin approach relies on the SzIsamplez terms. Both terms are
weak compared to the nuclear Zeeman term. For example 1H spins 17 nm apart from the
sensor spin generate a (zz-type) hyperfine coupling of A|| ≈ 35 Hz. A long sensing time
and a large ensemble of nuclear spins ensure the observation of the signal. The memory
to sample interaction can be neglected due to the low gyromagnetic ratio of the nuclear
spins.

Hinteraction = SzA
memory
|| Imemoryz + Sz

∑
sample

Asample|| Isamplez + Sz
∑

sample

Asample⊥ Isamplex,y (5.16)

5.6. Quantum metrology framework

In the following NV nano NMR experiments a novel quantum metrology pulse sequence
is applied. It involves the interplay between the sensor and the memory spin and creates
a framework, enabling the implementation of an arbitrary NMR sequence. The basic
principle is a correlation of two phase accumulation parts of the sensor spin. They are
interrupted by an intermediate storage part where the phase information is stored on the
memory spin. In this central part the sample spins are manipulated according to the
desired NMR sequence. The readout at the end is executed by a QND measurement of
the memory spin (see chapter 4.3). The final memory state is compared with the initial
memory state, yielding the flip probability. The latter contains the phase information. In
the protocol controlled NOT gates guarantee the entanglement between the sensor and
the memory spin. Zaiser et al introduced the method for the first time and used it for
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sensing of 13C spins (located in the diamond lattice) with a spectral resolution of 210 Hz
(FWHM) [30]. The sequence is extended by Pfender et al [15] to a more noise-resistant
method. The latter sequence is chosen for the NMR experiments of this work. In the
following the basic sequence will first be explained [30] and subsequently the extended
version [15] will be discussed.
Figure 5.7 depicts the pulse sequence containing the gate operations and pulses that are

applied. The implanted nitrogen ions are 15N+. Hence in further considerations only the
case of 15N spin with two states: mi = ± 1

2 is discussed. These states are corresponding
to the qubit states |0〉n and |1〉n, respectively. The sensor spin can reside in three states:
ms = −1, 0,+1. The ms = −1, 0 states are defined as |1〉e and |0〉e and only the transition
between them is utilized. The electron spin is polarized with around 92 % probability to
the Ψe = |0〉e state. The memory spin state is initialized through the QND measurement
into one of its states Ψn. The initialization probability is given by the SSR readout fidelity
which is more than 99 % at the applied B field of 3 T. The sample spins are in a thermally
mixed state.

We can divide the basic sequence in four parts: first sensing step, storage and
NMR application time interval, second sensing step and finally the readout. A
RF π/2 pulse is applied on the memory spin generating the state: Ψn = 1√

2 (|0〉n + |1〉n).
Due to the small gyromagnetic ratio the memory spin is not accumulating any phase from
the sample spins. The sensor is in its eigenstate and therefore also not acquiring any phase
originating from the sample. This changes when a nuclear spin-controlled NOT gate is
applied on the electron spin (CnNOTe). The sensor and memory get fully entangled and
the resulting state is:

Ψe ⊗Ψn = C · (|0〉n + |1〉n)⊗ (|0〉e + |1〉e) (5.17)

For a time τ the sensor spin is sensitive to the magnetic field environment and can ac-
cumulate a phase φ induced by the statistically polarized sample spins: φ1 = γsampleBzτ .
The maximum possible phase accumulation time is limited by the T sensor

2 . This first
sensing step is terminated by a second CnNOTe gate leaving the phase information
stored on the memory spin.

Ψe ⊗Ψn = C · (|0〉n + eiφ1 |1〉n)⊗ (|0〉e) (5.18)

The second CnNOTe gate does not need to be identical with the first one. It can also
be chosen such that the sensor spin ends in the |1〉e state. This can be of benefit if a
selectivity of sample spins by their hyperfine interaction is desired [30], [15]. In the NMR
measurements shown here the hyperfine interaction between the 1H and 19F spins is weak
with less than 12 Hz (for d = 34 nm). The sensor spin state after the second CnNOTe gate
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Figure 5.7.: Pulse sequence of the encoding step.. Top A wire diagram with the gates between
the three components (sensor, memory and sample spins) is depicted. Bottom The corresponding
pulses of laser, MW and RF excitation are shown. The sensor and memory start in initialized states
whereas the sample spins are in a mixed state. Of central importance are the CnROTe gates between
sensor and memory which control the sensor to sample interaction. Open or filled circles indicate on
which qubit state the gate is conditional on. Two sensing periods are interrupted with a π flip of
the sample spins, thereby representing a correlation measurement. In the end the memory is readout
with a projective QND measurement. This short version of the complete sequence allows detection
of sample spins and an estimation of sensor depth. Detailed description of the sequence and its
application can be found in the text.

therefore does not play a major role in the considerations. In the storage and NMR
application time interval T the orientation of the sample spins can be flipped by a
π pulse. Afterwards the two CnNOTe gates are repeated in order to yield the second
phase accumulation time. The final state is given by:

Ψe ⊗Ψn = C · (|0〉n + ei∆φ |1〉n)⊗ (|0〉e) (5.19)

with ∆φ = φ1 − φ2. If there is no change of the magnetic field environment in T, the
phases φ1 and φ2 will be the same and will cancel each other. If however the sample
spin’s orientation has been flipped by a π pulse then the accumulated phase in the second
sensing step will add to the first one and a signal will appear. Please note that instead of
a simple π pulse a Ramsey sequence can be applied to the sample spins as well. Finally
a π/2 pulse on the memory spin maps the phase information on the population of the
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memory spin which is then readout by a QND measurement.
The so far described sequence can alone be used for NMR detection [30]. On one

e.g. Ramsey
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Figure 5.8.: Pulse sequence of memory based high resolution NMR protocol. The extended
sequence is subdivided into four steps: 1. Encoding, 2. Storage and Sample manipulation, 3.
Decoding and 4. Readout. The encoding step is identical to the sequence in figure 5.7. In the
decoding the gates are analogue to the encoding part except the phase of the memory pulses. In
addition to it the state the CnROTe gates are conditional on, differs as well. During encoding and
decoding the sensor accumulates a phase for a time t which is limited by the T sensor

2 . Between
the two parts the sample signal is stored on the memory population, which decays on the order of
Tmem

1 ≈ 4 min. In the meantime the sample spins can be manipulated e.g. to perform a Ramsey
measurement. The measurement time τ determines the achievable spectral resolution in the NMR
spectrum. The readout is conducted as a QND measurement of the memory state.

side a long phase accumulation time τ is required in order to reach a high magnetic field
sensitivity. The time τ decays approximately with the T sensor

2 time [30]. On the other
side the intermediate time T limits the spectral resolution and is therefore required to
be long, as well. For very short τ the intermediate time T decays according to the Tmem

2

time which is approximately 3/2 times the T sensor
1 time. However when τ is increased the

decay time of the intermediate part will decay on a significantly shorter timescale [30].
Therefore an extended version has to be applied which allows both long T and long

τ (see figure 5.8). In that case the previously described sequence builds only the first
encoding step. The second part is the storage and sample manipulation part. It
is followed by the decoding step which repeats the gates of the encoding step. The
sequence ends with the QND readout of the memory spin. Here the phase accumulation
is separated into four instead of two parts. Both the encoding and the decoding are
selective to the sample spins due to the resonant π pulses. This represents a form of
decoupling from other noise sources and increases the selectivity of the sequence to the
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sample spins [15].
In the storage part the phase information is stored in the superposition state of the

memory spin. This state will decay on a time scale given by the Tmem
2 (≈ 3/2 T sensor

1 ).
The phase information can be stored on the population of memory spin as well. The
population of the memory spin decays on a longer time scale governed by the Tmem

1 time.
In chapter 4.4 the magnetic field scaling of the Tmem

1 time has been investigated. At 1.5 T
the Tmem

1 measurement yields a decay time of 260 s (see figure 4.9). Hence in the equation
5.6 defined for the spectral resolution, the T sensor

1 time can be replaced by the much longer
Tmem

1 . The other two time scales TD and T∗2 of the equation 5.6 are shorter than the Tmem
1

time. Consequently it can be noted that the spectral resolution in the measured NMR
spectra is primarily not limited by the sensor-memory probe itself, but the sample spins.
For the storage on the memory spin’s population an additional π/2 pulse on the memory

spin has to be applied in the beginning of the storage part. At the end of the storage
time a second π/2 pulse on the memory spin prepares the necessary superposition state
for the following decoding step. While the phase information gained in the encoding
step is stored, the sample spins can be manipulated according to a Ramsey measurement.
This can be achieved by two π/2 pulses applied to the sample spins and separated by a
time τ .
The decoding includes all the steps of the encoding and probes any changes induced

on the sample spins in the storage period. Finally a π/2 pulse is applied to the memory
spin and its state is readout by a QND measurement.
The memory spin population represents a classical memory. In the case of using its

superposition state as the storage medium, it represents a quantum memory. The storage
of the phase information on a classical memory, instead of the quantum memory comes
at the cost of loosing contrast. Mapping to the eigenstate of the memory spin represents
a classical memory, which leads to the loss of coherence on the memory and results into
half of the maximum possible NMR contrast. This is in contrast to the case of the
superposition state as the medium of storage, where the whole information of eiφ can be
stored.
Depending on the nature of the sample spin’s polarization the phase of the memory

spin pulses needs to be adjusted. If the sample spins are statistically polarized then both
the initial and the final π/2 pulses on the memory spin are required to have the same
phase. However if the spins are aligned in a specific direction (as is the case for thermal
polarization) then it is necessary to have a 90° phase shift between the aforementioned
π/2 [30]. In this work the sample spins are statistically polarized.
Obtaining reference measurements has the advantage of getting the whole dynamic

range of the signal and to counteract effects like background signal. Therefore the phase
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of the last π/2 pulse (on the memory spin) prior to the QND readout is shifted by 180°
after each sequence. The actual signal is then the subtraction of two subsequent results.
The time scales for the sensing and the storage part can be evaluated. These parameters

are varied and the resulting signal on the memory spin is measured. First in the basic
sequence (fig. 5.7A) the phase accumulation time is swept from 0 to 1.4 ms and the decay
of the signal is measured (see figure 5.9). The intermediate time T is set to 10 µs with
no pulse applied to the sample spins. The measured decay time is 377 ± 17 µs which is
comparable to typically expected T sensor

2 .
Next, the time interval T is varied with a fixed sensing time of τ = 300 µs (see figure

5.9B). An oscillation of the memory signal can be observed. The reason for its occurrence
is a detuning in the pulses on the memory spin. The oscillation vanishes once the detuning
is set to zero. The resulting decay time of 8 ms is approximately the expected 3/2 · T sensor

1

time. The decay of the storage period is limited by the T sensor
1 time as long as the storage

medium is the superposition of the memory spin. This changes once the population of
the memory spin is used as the storage medium. The decay time in this case is limited
by the Tmem

1 which is more than 260 s for an applied magnetic field of 1.5 T (see chapter
4.4).

5.7. Sample signal

The sample spins can be 13C spins in diamond or 1H and 19F spins on top of the diamond
surface. However the main focus of this work is the detection of external nuclear spins.
The solid or liquid samples are placed on the surface of the diamond and are covering the
whole diamond. The interaction of the sensor to sample spins restricts the detection to a
volume depending on the depth of the sensor spin. An exemplary detection volume of (30
nm)3 with a spin density of 50 nm−3 contains 1.35 · 106 nuclear spins. As noted before, the
thermal polarization of the 1H spins is only 10−5 (at B = 3 T and T = 300 K). The number
of polarized spins is too small to be detectable by the NV nano NMR technique. The
statistical polarization which is the variance of the magnetic field created by the sample
spins is however large enough to be detected. In the aforementioned example ≈ 1200
nuclear spins are statistically polarized. Each of these nuclear spins has a dipole-dipole
interaction with the sensor spin (see also equation 1.8):

BDD = µ0~γsampleγsensor
8π2

1− 3 cos2 θ12

r3
12

(5.20)

with the distance r between the sensor and the sample spin. Since the sample spins are
statistically polarized the sum of their dipole field’s square has to be formed (see chapter
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Figure 5.9.: Characterization of NMR protocol. A Sensor signal in dependence of the sensing
time t, measured with the short version of the NMR protocol 5.7. No RF pulse is applied to the
sample spins. Data is fitted with function: y = A · e−(x/t0)p + y0. The fit yields a decay time of t0
= 0.377 ± 0.017 ms and p = 1.5 (for a fixed intermediate time T = 10 µs). B Variation of storage
time T in the extended NMR protocol 5.8. Instead of the memory population the storage medium
is the superposition state of the memory. This can be achieved by omitting the RF pulses affecting
the memory in the storage time. Again no RF pulse is applied to the sample spins. Fit function is:
y = A · e−x/T0 · sin(π · (x− xc)/w) + y0. The fitting parameter are: Decay time T0 = 8.0 ± 0.3 ms
and an oscillation frequency of 250 Hz (for a fixed sensing time t = 0.3 ms). The oscillation stems
from the pulses which are detuned due to a difference between the employed and actual hyperfine
shift.

5.1).

B2
rms =

N∑
i

B2
DD (5.21)

In section Depth determination 5.8 the expression for Brms will be derived. Because of
its r−3/2 dependence, sample spins closer to the sensor spin will contribute more to the
signal than others. Hence a detection volume can be defined that contains sample spins
contributing to half of the signal. The presence of Brms leads to the phase Φ accumulated
by the sensor spin. For an ensemble of N sample spins the phase Φ is:

Φ =
N∏
i

⊗
(
e−iπBDDtσz/2

)
(5.22)

with the Pauli operators σi (i = x,y,z).
In the following the sample signal is theoretically described by a density matrix for-

mulation. Here only the sensor spin is sensitive enough to acquire the phase Φ, but not
the memory spin. However since Φ is mapped to the memory spin states and readout, it
is sufficient to only consider the memory and the sample spins. In the beginning of the
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5.7. Sample signal

sequence the memory is initialized and N sample spins are in a mixed state.

ρinit = ρinitmemory ⊗ ρinitsample

= (I + σz)/2⊗ I⊗N/2N
(5.23)

In the encoding part the sensor spin accumulates the phase Φ by the interaction with
the sample spins. The RF pulse in the encoding is assumed to flip all the sample spins
by exactly π. As described in the previous section the phase Φ will be stored on the
superposition state of the memory:

ρ = I⊗(N+1) − σy ⊗ Im(Φ) + σx ⊗Re(Φ)
2N+1 (5.24)

After the encoding, it is possible to readout the memory subsequent to a π/2y pulse. This
basic sequence [30] allows the simple detection of sample spins and is also suitable for an
estimation of the sensor depth (see section 5.8). After applying the aforementioned π/2y
pulse, the new density matrix is:

ρ = I⊗(N+1) − σy ⊗ Im(Φ) + σz ⊗Re(Φ)
2N+1 . (5.25)

Only the σz term of the memory is readout. The signal generated by the sample spins
can be determined by forming the trace.

S1(t) = 1− Tr(Re(Φ))/2N

= 1−
N∏
i

cos(πBDDt)
(5.26)

Assuming BDDt � 1 the expression can be written as:

S1(t) = 1− e
−

N∑
i

(πBDDt)2/2
(5.27)

This expression for the signal describes the difference between the two cases of flipping
the sample spins by a π pulse (in the center of the encoding) and not altering the sample
spins. With this basic sequence different measurements can be conducted. For example
by sweeping the frequency of the π pulse acting on the sample spins a NMR spectrum
can be reconstructed (see figure 5.10A). Results of NMR detection of samples containing
13C , 1H and 19F spins are shown in figure 5.10A. The difference in the gyromagnetic ratio
for 13C with γ/2π = 10.705 MHz/T, 1H with γ/2π = 42.576 MHz/T and 19F with γ/2π
= 40.059 MHz/T enables the spectral distinction with respect to each other. The signal
is normalized in the spectra. The 13C sample spins are located in the diamond lattice.
Due to coherent interaction of the sensor spin with a few strongly coupled 13C spins the
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Figure 5.10.: Nanoscale NMR detection of 13C , 19F and 1H spins. A The short sequence
of the NMR protocol is employed for the detection of nuclear spins. A π pulse is applied on the
sample spins. By sweeping the frequency of the pulse a NMR spectrum can be reconstructed. The
resonance frequency of the sample spins depends on their gyromagnetic ratio. The left graph displays
the resonance of 13C spins, located in the diamond lattice. In the center and right graphs 19F and
1H spins in polyvinylidene fluoride (PVDF) are detected. The sensing time t in all measurements
is 100 µs. The depth of the NV used for 19F and 1H detection is 23 nm (procedure for depth
determination is explained in section 5.8). The resonance peaks are fitted by a sinc function. In the
13C case coherent interaction between the sensor and single 13C spins in the close proximity occurs
which leads to a normalized signal larger than 1. On the other hand the interaction with 19F and
1H spin ensemble is incoherent and restricts the signal to 1. B A Rabi measurement of 19F spins in
perfluoropolyether (PFPE) oil is shown. The frequency of the RF pulse is set on resonance to the 19F
spins and the pulse length is varied. At the same time the intermediate time T is fixed to the longest
pulse length. The data is fitted with a sine damped function: y0 +A · e−x/t0 · sin(π · (x− xc)/w).
The obtained Rabi frequency is 64 kHz. The distance of the sensor to the sample spins is ≈ 95 nm.
In all graphs the signal is normalized.

signal can be larger than 1. The 1H and 19F signal on the other hand stems from inco-
herent interaction with spins in polyvinylidene fluoride (PVDF). Its chemical structure is
-(C2H2F2)n-. Hence the spin density of 1H and 19F spins is the same. The sensor spin
is 23 nm apart from the surface of the diamond. This distance sets the required sensing
time t (see figure 5.12). In the measurement a sensing time of 100 µs is chosen and results
in approx. 50 % of NMR contrast.
Furthermore a Rabi measurement on the sample spins can be achieved by varying

the RF pulse length. Figure 5.10B shows a Rabi measurement of 19F spins in perfluo-
ropolyether (PFPE) oil with a Rabi frequency of 64 kHz. The basic sequence [30] is also
suitable for the estimation of sensor depth, which is discussed in section 5.8.
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5.7. Sample signal

If the purpose of the measurement is to achieve a high-resolution in the NMR spec-
trum, then the sample spin information is not readout right after the encoding. Instead a
π/2x pulse is applied on the memory spin in order to store the phase information on the
memory spin’s population.

ρ = I⊗(N+1) − σz ⊗ Im(Φ) + σx ⊗Re(Φ)
2N+1 (5.28)

The term σz ⊗ Im (Φ) now stores the information about the sample spins magnetization
and decays on a time scale set by the Tmem

1 time (see chapter 4.4). Afterwards the sample
spins can be manipulated according to the desired NMR sequence. For a Ramsey sequence
for example two π/2 RF pulses are applied on the sample spins. Effects like chemical shift
let the sample spins evolve faster or slower. This can be considered by a change of the angle
αi between the sample spin alignment and the z-axis. The memory loses any coherence in
the storage part by either relaxation of the sensor or by the repolarizing laser pulse applied
on the sensor. Subsequently in the decoding the gates of the encoding are repeated. The
difference between the acquired phase of the encoding and that of the decoding part is
the signal. Tracing out the sample spins results in:

Tr(ρ) = (I + Cσy)/2

with C =
(
N∏
i

(1− 2 sin2(πBDDt/2) cos2(αi2 ))−
N∏
i

(1− 2 sin2(πBDDt/2) sin2(αi2 ))
)
/2

(5.29)

For a sensor depth of larger than 35nm, BDDt � 1 is valid and the expression can be
simplified to:

≈ − sinh
(

N∑
i

(πBDDt)2

4 cos(αi)
)
e
−

N∑
i

(πBDDt)2/4
(5.30)

In the case of flipping all sample spins with the same angle αi = α, the difference between
a π flip and no flip is:

S2(t) = 2 sinh
(

N∑
i

(πBDDt)2

4

)
e
−

N∑
i

(πBDDt)2/4
(5.31)

The signal S2(t) ranges from 0 to 1. 1 means full decoherence due to the interaction with
the sample spins. The total sensing time of the encoding and decoding is t, while for the
encoding, solely, it is t/2.
In this theoretical formulation, consideration of any type of relaxation of the sensor or of

the sample spins is missing. Accounting for dephasing of the sensor is straightforward by
adding the term e−(t/T sensor

2 )n to the term in 5.27. In the previous section this dependence
has been measured (figure 5.9 A). The sample spins dynamics can affect the signal as well.
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5. Nanoscale NMR spectroscopy based on sensor-memory entanglement

Diffusion (out of the detection volume) of the sample spins in liquids or spin diffusion leads
to an exponential decay of the cos(αi) term in 5.30 (discussed in section 5.9). Moreover
transversal relaxation of the sample spins will also have an effect on the aforementioned
term. For all measurements a corresponding reference measurement is performed by
adding a phase shift of 180° to the last memory π/2 pulse. The subtraction with the
reference measurement shows the full visibility of the signal. Here the visibility is 0.65.
Its deviation from 1.0 comes from the finite single-shot readout fidelity (≈ 95 %) and
the fact that the sensor resides for 30 % of time in the neutrally charged state [36]. The
presented results e.g. in figure 5.10 are normalized.

5.8. Depth determination

t

S

34 nm 38 nm
48 nm

19F

95 nm

1H

Figure 5.11.: Depth determination of the sensor spin. The sample signal depends on the sensing
time t, the spin density ρ and the distance to the sensor d. Samples with known spin density ρ can
be used to determine the depth d. For that purpose the sensing time t is varied and the measured
data is fitted with equation 5.32 in order to extract the sensor depth. Samples used for determining
the depth of different NV centers are: polybutadiene oil (1H, dark red, ρ ≈ 58 nm−3), ethyl-2-
cyanoacrylate solid glue (1H, dark red, ρ ≈ 43 nm−3) and PFPE oil (19F, light and dark green, ρ ≈
47 nm−3). Dashed lines indicate the sensing time needed for achieving 50 % signal contrast. Note:
In the case of the light green curve an additional proton containing layer is added between the sample
and the diamond surface.

The determination of the sensor spin depth d is crucial for NV nano NMR. The depth
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5.8. Depth determination

defines the detection volume of the sensor [24, 25]. On the other hand, the diffusion time
TD for statistically polarized spins in a liquid is related to the detection volume.
The technique for depth determination is relying on the distance dependent interaction

between the sensor and the sample spins introduced in equation 5.20. First it is important
to derive the Brms field expression. The arrangement of the sensor and sample spins is
as following. A single sensor is located in the diamond lattice and its orientation is
perpendicular to the 〈111〉-oriented diamond surface. An ensemble of sample spins is
homogeneously distributed on the surface of the diamond. Each sample spin has a distance
dependent interaction with the sensor spin (5.20). In order to get the total interaction
strength a sum over all sample spins can be formed. The sum can be transformed into an
integration over a half-sphere above the sensor spin. The integration leads to an analytical
solution for Brms:

B2
rms = π3ρc2

4γ2d3 (5.32)

where ρ is the spin density and c is the dipole-dipole coupling parameter (see table A.2).
As explained in section 5.7 the sample spin’s statistical polarization leads to decoher-

ence on the sensor spin. The signal increases with the sensing time t and has a Gaussian
shape due to the weakly coupled ensemble of sample spins. The expression for the Brms

field 5.32 can be inserted into the equation for the signal 5.27. Hence the exact shape of
the curve depends on the depth of the sensor. NV centers with a larger depth d will reach
full decoherence at a shorter sensing time t. This signal dependence can be measured
with the encoding sequence by varying the sensing time t. In addition to it, a reference
measurement is performed which is insensitive to the sample spins (no flip of the sample
spins). With the results of the reference measurement the signal can be normalized in
order to filter out the T sensor

2 decay. The normalized signal is then fitted to equation 5.32
and 5.27. If the spin density ρ is known, then the unknown parameter of sensor depth d
can be extracted from the fit.
In these considerations it is assumed that the π pulse within the encoding step perfectly

flips all of the sample spins. Additionally the decay of the sample spin’s magnetization is
assumed to occur on a time scale much longer than required for the depth measurement
(which is limited by the T sensor

2 time). This assumption holds true as the spin diffusion
time is measured in section 5.9 to be 5 ms for a liquid sample and in section 5.10 to be
even 94 ms for a solid. Hence the decay of the magnetization is negligible on these time
scales.
With this method the depth of various NV centers is determined and the results are

plotted in figure 5.11. Different samples are used for the depth determination: polybu-
tadiene oil, ethyl-2-cyanoacrylate and PFPE oil. The used oils are highly viscous and
therefore ensure that spatial diffusion does not change significantly the spin magnetiza-
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tion during the measurement. The signal is recorded for various sensing times t and fitted
with equation 5.32 (see figure 5.11). The estimated depths range from 34.6 nm to 47.8
nm. Here, the 15N+ ions have been implanted with an energy of 5 keV. Similar work with
〈100〉 oriented diamonds resulted in a much smaller depth [91]. This deviation can be
explained by ion straggling and channeling during the implantation process [187] which
is more pronounced in the case of 〈111〉 oriented diamonds.
Depending on the field strength of the statistically polarized spins a minimal sensing

time is required to detect the NMR signal. The achievable sensing time is limited by the
T sensor

2 time. On one hand it has been observed that the T sensor
2 times increase with the

depth d of the sensor spin due to the presence of surface noise. On the other hand the
Brms field generated by the sample spins decreases by 1/d3/2. Therefore it makes sense
to quantify the required sensing time for each depth and compare it with the measured
T sensor

2 times. The required T sensor
2 scales as following with the depth d:

required T sensor
2 ∼

√
d3

ρ
(5.33)

where ρ is the spin density. In figure 5.12 the required T sensor
2 for the detection of different

1H spin densities (with a NMR contrast of 50 %) is plotted in dependence of the sensor
depth d: For the 1H spin density of water, we find that the required sensing time is ≈ 14
µs for a 10 nm deep NV and ∼ 71 µs for a 30 nm deep NV. Achieving these coherence
properties requires a suitable host material and low implantation-induced damages. In
figure 5.12 the T sensor

2 times of three shallow NV centers are plotted in dependence of the
depth d. It can be seen that the three shallow NV centers are capable of detecting 10 M
of proton spins.
Increasing the depth d also means that more nuclear spins need to contribute to the

signal. Consequently the detection volume increases. The sample spins that contribute
to half of the Brms signal originate from a detection volume of ≈ 0.49 · d3. In figure 5.14
the corresponding detection volume have been plotted.
For a depth of 35 nm (figure 5.11 dark red curve) and a 1H spin density of ρ ≈ 58 nm−3

(polybutadiene) the statistical magnetization is Brms ≈ 46 nT. In the detection volume
there are 1·106 nuclear spins in total. Out of them 550 are statistically polarized. On the
other hand thermal polarization would only amount to 12 polarized spins, a factor 1/46
smaller. The largest distance observed between the sensor and the sample spins is 95 nm
(figure 5.11 light green curve). In this scenario the total number of nuclear spins is 2·107

(19F spins with a density of ρ ≈ 47 nm−3 in PFPE oil). The 2200 statistically polarized
spins create a magnetization of Brms ≈ 9 nT. The number of thermally polarized spins is
200. An even larger detection volume would enable the detection of sample spins based
on the thermal instead of the statistical polarization. This would require a modification
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required sensing time for
0.1, 1, 10, 100 M protons

available sensing times

d

Figure 5.12.: Required sensing time for achieving 50 % NMR contrast in dependence of the
sensor to sample distance Lines correspond to different proton spin molar concentrations given in
Mol. For comparison: the 1H spin density in water is 111 Mol or 67 per nm3. The required sensing
time scales with ∝ ρ−1/2d3/2 (ρ: spin density and d: sensor to sample distance). Available sensing
times are indicated as red dots and correspond to measured T sensor

2 times of various NV centers. In
addition to this the depth of these NV centers is determined.

of the sequence as discussed in section 5.6.

5.9. Liquid state nano NMR spectroscopy

Liquid state NMR spectroscopy is a well established technique in chemistry. Its impact
is based on the ability to detect the individual fingerprints of the molecules. In the
stationary case the dipole-dipole coupling would overlap these fingerprints. The motion of
the molecules, translational and rotational, however averages out the coupling. Nanoscale
liquid-state NMR based on the statistical polarization has one great disadvantage. This
is the fact that sample spins can diffuse out of the detection volume. The sample spins
that do replace them have a different net magnetization and hence will not be correlated
in the measurement. Therefore it is important to investigate the diffusion dynamics of
the sample spins since it is one of the main limiting factors to obtain a high spectral
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resolution (equation 5.6).

5.9.1. Spatial diffusion in liquids on the nanoscale

τ

encode decodeτ 1H

Figure 5.13.: Investigation of spatial diffusion on the nanoscale. Magnetization decay of 1H
spins in liquid polybutadiene measured by a 34.4 nm deep sensor. During the sample manipulation
part of the NMR protocol (5.8) a RF π pulse is applied off- and on-resonant on the sample spins.
The subtraction of both measurements then gives the decay of the sample spin magnetization. It
is fitted with an exponential decay function which yields a diffusion time TD of 5.4 ± 0.9 ms. The
origin of the decay is the diffusion of the sample spins out of the detection volume.

The sensor-memory based NMR technique allows the measurement of the spin magneti-
zation decay. During the storage and sample manipulation part a π pulse flips the sample
spins magnetization. Its decay can now be measured by introducing a varying waiting
time. A reference measurement with no flip rules out any other decay mechanisms and
leads to the observation of solely the spin magnetization decay. The decay can be charac-
terized by an exponential function e−τ/TD , with a correlation time TD [199, 207, 208, 209].
After a sufficiently long time the measured Brms signal in the encoding and the decoding
becomes completely uncorrelated. Hence the spin magnetization signal has to decay to
an offset level of zero.
The sample spins move on average by the root-mean-squared displacement

√
〈x2〉. This

value depends among others on the viscosity η of the liquid. The diffusion coefficient D
comprises all the medium dependent parameters. The root-mean-squared displacement
then can be described as: √

〈x2〉 =
√

2DTD (5.34)
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yl

Figure 5.14.: Diffusion limited linewidth [ppm] and detection volume in dependence of
the sensor to sample distance. The spectral resolution of nanoscale NMR of liquid samples is
restricted by diffusion. For a specific sensor depth the diffusion time TD is measured of 1H spins
in polybutadiene. The corresponding NMR linewidth (left axis) is marked as a circle in the plot
( 2
γBTD

). This result can be extended by extrapolation to various sensor depths d (∝ d−2, blue line).
Moreover, the detection volume (right axis) depends on the sensor-to-sample distance d (≈ 0.49·d3)
as well. The detection volume is the volume containing the sample spins that contribute to half of
the B2

rms signal. Red line shows the depth scaling.

A displacement larger than the range of the detection volume results in an uncorrelated
signal. The detection volume has been formulated in dependence of the NV depth d as
0.49· d3. The depth d can therefore be directly related to the diffusion dynamics:

d =
√

2cDTD (5.35)

with c as a constant.
Through equation 5.35 it becomes clear that the diffusion time TD is proportional to

d2. Since TD is limiting the spectral resolution ∆δ (eq. 5.6) a larger depth d would in
principle increase ∆δ. The depths determined in this work are larger than the reported
in the previous NV nano NMR papers [24, 27, 210]. In addition a large viscosity of the
medium is of benefit. In fact the selected molecules for nano liquid state NMR are poly-
mers with a high molecular mass.
The spin magnetization is measured for 1H spins in polybutadiene and the results are

shown in figure 5.13. The exponential fit yields a correlation time TD of 5.4 ± 0.9 ms. The
sensors depth is determined in a separate measurement by the method described in section
5.8 to be 34.4 nm (results not shown). With the known parameters c·D is determined to
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be 110 nm2 ms−1. Please note that unexpectedly the fit of the magnetization signal does
not yield an offset of zero. This can be explained by the tendency of the polybutadiene
to become solid after some time. A probably thin solid layer on the diamond surface
would then lead to a second decay occurring on a much larger time scale. This would
additionally lead to broadening of the NMR line but with a smaller amplitude.
With the known depth d and the measured diffusion time TD the relation 5.35 can be

used to extrapolate TD to various depths. In figure 5.14 the resulting diffusion limited
linewidth ∆δ is plotted in dependence of the depth d. For example for d = 34.4 nm and
TD = 5.4 ms, the diffusion limited linewidth ∆δ is 0.46 ppm (at 3 T). The typically re-
quired linewidth for distinguishing between 1H chemical shift peaks is 1 ppm. This can be
achieved for the liquid polybutadiene with a sensor depth of ≈ 25 nm. The corresponding
detection volume in yoctoliter is plotted on the right axis of figure 5.14. A depth of 25
nm corresponds to a detection volume of 8·103 yl, while d = 100 nm correspond to 5·105

yl. These dimensions are 11 and 9 orders of magnitude smaller than in the conventional
NMR [4, 5].
The diffusion limitation can be overcome by trapping the sample in nano-pores or

nano-dimples [41]. In this case the detection volume would match the sample volume
and the sample spins would remain correlated during the measurement sequence. An-
other approach is to base the detection on the thermal magnetization. The sample spins
magnetization would be homogeneous over the whole sample and would all lead to the
same phase accumulation no matter how fast they would diffuse. This would require a
larger detection volume to increase the ratio between thermal to statistical polarization.
Hyperpolarization would increase the ratio as well [204, 205, 206].

5.9.2. Ramsey experiments on nuclear spins in liquids

Figure 5.13 reveals that NMR linewidths sufficient for chemical shift detection are in reach
for the sensor depth range measured in this work. The next step is to implement a NMR
experiment of sample spins in a liquid. For this purpose a Ramsey experiment has to be
performed with a subsequent FFT of the data. The quantum metrology framework (sec-
tion 5.6) provides the possibility to manipulate the sample spins in the storage part. For
a Ramsey experiment the sample spins are flipped by a RF π/2 pulse and the subsequent
waiting time until the final π/2 pulse is varied. The length of the storage part is fixed in
order to filter out spin magnetization decay effects. It can be chosen to be up to TD. A
longer period would reduce the signal amplitude significantly.
In the measurement phase modulation for generating an artificial oscillation is intro-

duced. The phase of the final RF π/2 pulse is modulated with a frequency ν: φ = 2πντ .
The advantages of phase modulation are first of all that the resonance peaks can be shifted
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Figure 5.15.: 19F High-resolution NMR spectroscopy. A Ramsey measurement of 19F spins
in PFPE oil. The time length T of the sample manipulation part is fixed to 1.5 ms to ensure the
same diffusion effect for all phase acquisition times τ . The data is fitted with two cosine functions
with an exponential decay. The oscillation frequencies are 2.1 kHz and 9.8 kHz. B Comparison
between conventional NMR and sensor-memory based nanoscale NMR. The FFT power spectra of
the Ramsey measurement from A is plotted in green and its corresponding fit as a bold light green
line. Measurement results obtained with a 400 MHz NMR spectrometer of PFPE are plotted as a red
line. The chemical structure of PFPE is depicted in the graph. 19F atoms within the molecule and
with different chemical shift are highlighted in pale green and blue. They are assigned to the NMR
spectrum by color coding the area under the peaks. The peak with a lower intensity is enhanced by
a factor of 5 and 10, for better visibility. Zero padding is added to the data before applying the FFT.
C Zoom-in view of the high intensity NMR peak (around 80 ppm). The phase acquisition time τ
is increased to the diffusion limit of 5 ms and yields a FWHM of 1.3 ppm (decay time 2.5 ms). In
contrast to it the FWHM in the conventional NMR measurement is an order of magnitude smaller.

away from zero in the FFT and thereby away from the noise generated due to e.g. the
decay of the signal. Furthermore multiple resonance frequencies (e.g. due to chemical
shift) with a similar absolute detuning but a different sign would normally overlap in the
FFT spectrum. Phase modulation however prevents this. For a better visualization of
the peaks zero-padding is added to the data.
The chemical shift range for 19F spins is with ≈ 100 ppm much larger compared to the

case of the protons. Hence observing distinct chemical shift peaks is less challenging for
19F spins. The first experiments are therefore performed with 19F spins. The sample of
choice is perfluoropolyether (PFPE) oil with the molecular formula:
CF3O[−CF(CF3)CF2O−]x(−CF2O−)yCF3 with about x = 140 and y = 13 subunits per
polymer strand. The results of the Ramsey experiments are shown in figure 5.15. A
modulation of the signal hints to a second oscillating term. The two signals correspond to
two different chemicals shift groups of the polymer. The inset of figure 5.15 B depicts the
chemical structure with the two color coded chemical shift groups. In the same figure the
FFT power spectra is shown with the two corresponding peaks. Here two measurements
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Figure 5.16.: 1H High-resolution NMR spectroscopy. A Ramsey measurement of 1H spins in
liquid polybutadiene. Two exponentially decaying cosine functions are fitted to the results, obtaining
a frequency of 1.7 kHz and 2.2 kHz. The time T is fixed to 5 ms. B FFT power spectra of the
Ramsey measurement shown in A. Inset shows the chemical structure of polybutadiene. Its two
subgroups (CH and CH2) are color coded and highlighted in the spectra. The FWHM of the two
NMR resonance peaks are 1.3 ppm and 1.4 ppm. Zero-padding is applied.

have been performed. One is the NV nano NMR measurement (bold green) and the other
is the conventional NMR measurement with a 400 MHz NMR spectrometer (dark green).
In the NV nano NMR measurements the time period of the storage period is fixed. This
means that the spin magnetization decay is filtered out and should not effect the decay
of the Ramsey experiment. The time period of 5 ms (in 5.15 C) translates to a linewidth
of 0.5 ppm. However the FWHM of the peak is 1.3 ppm corresponding to a decay time of
2.5 ms. This deviation can be explained by the high viscosity of the sample. The sample
spins are not diffusing fast enough and consequently the averaging out of the dipole-dipole
coupling is not complete. The enlarged view in 5.15 C reveals that the conventional NMR
spectrometer shows a more than one order of magnitude narrower line.
The achieved linewidth of ≈ 1 ppm in the case of 19F NMR motivated the detection of

1H chemical shifts (range of ≈ 13 ppm). The 1H diffusion measurement of the polybutadi-
ene oil in section 5.9.1 promises a linewidth of less than 1 ppm for the typical sensor depths
of this work (figure 5.14). The molecular formula of polybutadiene is (CH2CH=CHCH2)n

with about n = 90 subunits per polymer strand. The 1H spins in the CH2 and the CH
subgroups are expected to show chemical shifts differing by 3.34 ppm. The results of
the Ramsey experiment are shown in figure 5.16. As expected two resonance lines can
be distinguished in the spectrum that originate from the different chemical shift groups.
The FWHM of the peaks are 1.3 ppm and 1.4 ppm. For this particular measurement
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the sensor depth is 35.5 nm. According to the discussion of figure 5.14 a three times
narrower linewidth is expected. As in the case of the PFPE oil, the high viscosity of the
polybutadiene oil circumvent the full motional narrowing effect of a liquid. Hence the
measured FWHM is limited by the dipole-dipole coupling between the sample spins.
These are proof-of-principle experiments. Here the used samples are restricted to liq-

uids with a high viscosity. What is missing is the universal application to other samples.
Two paths can lead to an universal application. The first is to match the detection volume
with the sample volume [41]. The diffusion of the sample spins would not lead to a decay
of the spin magnetization anymore. The second solution would be to base the detection
on thermally polarized or even hyperpolarized spins. The magnetization would in this
case be homogeneous and the diffusion would not alter the correlation signal.

5.10. Solid state nano NMR spectroscopy

NMR spectroscopy of solid samples is an indispensable tool for the characterization of the
underlying structure. The precise chemical structure of a sample ultimately defines its
properties. Hence the knowledge of the structure is important for example for medical but
also for industrial applications. The great challenge in solid state NMR is the stationary
dipole-dipole coupling (equation 5.20) that broadens the resonance peak. N sample spins
are interacting with each other by dipolar coupling which results in 2N different NMR
lines with different strengths. In conventional NMR there are two ways of counteracting
the dipolar broadening. The first is the rotation of the sample around the magic angle
(θ=54.7°) with respect to the applied magnetic field. The second method is the application
of homo- or heteronuclear decoupling sequences. During these sequences RF pulses rotate
the spins and create an additional Hamiltonian term contrary to the dipole Hamiltonian.
In this section the NMR spectroscopy of solid-state samples is brought to the nanoscale
regime. Especially for the goal of the community to detect single molecules and investigate
their dynamics the shown results mark an important step.

5.10.1. Spin diffusion in solids on the nanoscale

In the case of solid state nano NMR the diffusion limit does not apply anymore. Yet
the spin magnetization will decay due to by spin diffusion mediated by dipole-dipole
coupling among the nuclear spins. This decay is expected to occur on a longer time
scale. Spin diffusion of polymers has been investigated by conventional NMR [48]. The
measured diffusion coefficient is ≈ 1 nm2ms−1, which is approximately two orders of
magnitude slower than in the case of spatial diffusion in polybutadiene. Analogue to
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the 1H diffusion measurement in polybutadiene, the spin diffusion of 1H spins can be
determined by measuring the spin magnetization decay.
The sample is poly(ethyl 2-cyanoacrylate) (superglue) in its solid form. Figure 5.17

shows the results of the sample spins magnetization decay. The exponential fit reveals
a decay time of 94 ± 11 ms, a factor 17 larger than in the case of polybutadiene. The
sensor depth is 43.7 nm. With equation 5.35 the diffusion coefficient c·D of poly(ethyl
2-cyanoacrylate) can be determined: 10 nm2ms−1.

free evolution time τ

encode decodeτ

Figure 5.17.: Nanoscale 1H spin diffusion measurement. Magnetization decay measured of 1H
spins in solid poly(ethyl 2-cyanoacrylate) (same pulse sequence used as in fig. 5.13). An exponential
fit yields a decay time of 94 ± 11 ms. The sensor spin is located 43.7 nm deep in the diamond
lattice.

5.10.2. Ramsey experiments on nuclear spins in solids

The next step is the Ramsey measurement of 1H spins in poly(ethyl 2-cyanoacrylate). The
results are depicted in figure 5.18 A (top). The corresponding FFT reveals a linewidth
of 26 kHz or in relative parameters 206 ppm (figure 5.18 B light orange curve). Strong
dipolar coupling between the stationary sample spins leads to the observed broadening.
This broad NMR peak hides all individual lines related to e.g. the chemical shift or J
coupling.

5.10.3. Homonuclear decoupling: WAHUHA and MREV-8

There are two strategies in the NMR community for counteracting the dipolar broadening.
The magic angle spinning as one of them can be ruled out as it is technically too difficult
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A B

 τeffeffective phase acquisition time

Figure 5.18.: High-resolution solid-state 1H NMR spectroscopy. A In the top graph the results
of a Ramsey measurement of 1H spins in solid poly(ethyl 2-cyanoacrylate) are shown. The bottom
graph shows again the results, but on a longer time scale. In addition to it a Ramsey measurement
with homonuclear decoupling (MREV-8) is plotted. The decoupling sequence makes the sample
spins less susceptible to the magnetic field which is considered in the effective phase acquisition time
τeff . All results are fitted with an exponentially decaying cosine function. B The corresponding FFT
power spectra of both measurements is shown. The homonuclear decoupling increases the spectral
resolution by a factor of 17, from 26 kHz (206 ppm) to 1.5 kHz (12 ppm).
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Figure 5.19.: Homonuclear decoupling sequences: WAHUHA and MREV-8. The pulse se-
quence of WAHUHA (top) and MREV-8 (bottom), incorpated in a Ramsey measurement, is shown.
A train of π/2 pulses with varying phases and free evolution period counteracts the dipole-dipole
interaction between the sample spins. Four pulses are applied in the case of WAHUHA and eight
pulses in the case of MREV-8. The phase of the pulses (X,-X, Y and -Y) is illustrated in different
colours.

to rotate the sample at high magnetic field without deteriorating the properties of the
sensor and of the memory [211]. However the implementation of homonuclear decoupling
sequences is possible. The sample manipulation part allows the application of any desired
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sequence on the sample spins. The utilized decoupling sequences are: WAHUHA [212]
and MREV-8 [213, 214]. In both cases π/2 pulses with different phases are applied.
The π/2 pulses can be represented by pulse propagators: RX,Y,Z = e−i

π
2 IX,Y,Z . The

unitary operators are defined as: X = e−iHXτ , Y = e−iHY τ , Z = e−iHZτ . The sequences
can be described by a train of pulse propagators and waiting times τ . For WAHUHA the
sequence is as follows (see also figure 5.19): − τ −RX − τ −RY −2τ −RY − τ −RX − τ−.
It is assumed that the only interaction acting on the sample spins is the dipolar coupling.
In the absence of pulses, the Z operator would act through out the evolution time. The
pulse propagators on the other hand induce varying effective operators during the evolu-
tion time. For WAHUHA the order of acting operators is: Z− Y − X− X− Y − Z. The
average Hamiltonian of this sequence of operators can be formed. It vanishes in the first
order and thus cancels out the dipole interaction. The sequence can be repeated every 6
· τ . The susceptibility to the sample spins magnetization is reduced by the homonuclear
decoupling sequence. In the case of the WAHUHA sequence, the chemical shift splitting
for example would be reduced by a factor of cdec,WAHUHA = 1/

√
3.

A higher order canceling of the average Hamiltonian can be achieved by the extended
version of the WAHUHA sequence which is MREV-8. Expressed by the pulse propa-
gators and waiting time τ the MREV-8 is (figure 5.19): − τ − RX − τ − RY − 2τ −
RY − τ − RX − 2τ − RX − τ − RY − 2τ − RY − τ − RX − τ−. Assuming again the
presence of dipolar interaction the corresponding order of effective unitary operators is:
Z− Y − X− X− Y − Z− Z− Y − X− X− Y − Z. The factor for MREV-8 by which the
magnetic susceptibility is reduced is cdec,MREV8 =

√
2/3. The homonuclear decoupling is

most effective, the faster the rotation of the spins is performed.
Both homonuclear decoupling sequences are applied during the Ramsey experiments of

1H spins in poly(ethyl 2-cyanoacrylate). They significantly prolong the dephasing time of
the spins. In the bottom graph of figure 5.18 A the two measurement with and without
MREV-8 are displayed for comparison. For the measurement with MREV-8 the total
evolution time is modified with the factor cdec,MREV8. The FFT yields a FWHM of 1.5
kHz (12 ppm). The line is a factor of 17 narrower compared to the case of no homonuclear
decoupling.
The aforementioned ratio of total interrogation time and the effective phase accumu-

lation time cdec,WAHUHA and cdec,MREV8 can be determined for each sequence. For this
purpose the π/2 pulses of the Ramsey sequence are detuned and the corresponding shift
in the resulting NMR spectrum is determined. By applying WAHUHA and MREV-8
sequences a mismatch between the detuning frequency and the resulting shift is expected.
For various detunings, the shift is measured and is plotted in figure 5.20. Linear fits yield
a slope of cdec,WAHUHA = 0.57 ± 0.01 and cdec,MREV8 = 0.46 ± 0.01. Both values fit with
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the scaling factors found in the literature [215].
The length of each pulse is tπ/2=3 µs which needs to be reduced in order to achieve a

better homonuclear decoupling. This can be achieved by an amplifier with a higher RF
power and by optimizing the RF structure. In principle other homonuclear decoupling
sequences besides WAHUHA and MREV-8 can be applied as well. If multiple nuclear spin
species are involved then applying heteronuclear decoupling would be necessary [216].

WAHUHA MREV-8A B

Figure 5.20.: Ratio of effective phase accumulation time τeff to total interrogation time for
WAHUHA and MREV-8. The magnetic field susceptibility in a Ramsey measurement is reduced by
applying homonuclear decoupling pulses. The reduction factor is different for WAHUHUA and MREV-
8. It can be measured by detuning the π/2 pulses of the Ramsey measurement and determining the
shift in the resulting NMR spectra. For a whole set of detuning frequencies the results can be fitted
by a linear function. The fit yields a slope of cWAHUHA = 0.57 ± 0.01 and cMREV-8 = 0.46 ± 0.01.
The intercept of the linear fit reveals the detuning from the resonance frequency of the sample spins.

5.11. Multilayer nano NMR

In this work the ability to precisely determine the depth is shown. It is also possible to
discriminate between small differences in the resonance frequency. Furthermore the spin
magnetization decay measurement is a tool to characterize the diffusion dynamics of the
sample spins. All together opens the possibility to also investigate multiple layers with
nanometer resolution [27].
To demonstrate the feasibility of our technique a 1H containing solid poly(ethyl 2-

cyanoacrylate) layer is deposited on the diamond surface. On top a fluorinated sample,
namely PFPE oil, is placed. Figure 5.21 A shows the described arrangement. The mea-
surement task is to determine the distances to the sensor and to analyze its composition.
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Figure 5.21.: Nanoscale Multilayer NMR. A The sensor-memory spin based nanoscale NMR
system in diamond is used to characterize a proton and fluorine containing multilayer. Selective
detection of 1H spins in solid poly(ethyl 2-cyanoacrylate) and of 19F spins in PFPE oil is possible by
their distinct resonance frequencies. The detection volume (containing sample spins that contribute
to half of the signal B2

rms) is marked by shaded regions for both layers. The strength of the
dipole interaction is indicated by the darkness of the shade. B Separate Ramsey measurements are
conducted for the 19F containing (upper curve) and the 1H containing layer (lower curve). The
diffusing 19F spins in the PFPE oil show a long lasting signal due to the motional averaging effect
on the dipole-dipole interaction. Whereas the 1H spin signal in solid poly(ethyl 2-cyanoacrylate) is
decaying with 16 ± 3 µs. The fit function in both cases is an exponentially decaying cosine. C Spin
magnetization decay is measured for the 1H spin layer. The exponential fit yields a decay time of
1.0 ± 0.2 ms. The depth of the sensor spin is 38.1 ± 0.1 nm. The 1H layer is 56.9 nm thick.

The PFPE oil is not containing proton spins and is not miscible with the poly(ethyl 2-
cyanoacrylate). Therefore the PFPE oil can be investigated by its 19F-NMR signal. The
distance of the sensor to the 19F spins in the oil is determined with the method introduced
in section 5.8. The results are plotted in figure 5.11 (light green curve) and the fit yields
a distance of ≈ 95 nm. This distance represents an upper boundary for the 1H spins
containing layer. The sensor’s depth can be determined via the 1H signal: 38.1 ± 0.1 nm
(figure 5.11 light red curve). Accordingly the thickness of the proton layer is 56.9 nm.
Next Ramsey experiments are performed separately on both layers in order to examine

the mobility of their spins. The measured T ∗2 time of 19F spins in PFPE is more than
1 ms (see figure 5.21 B top). This is a sign of a high mobility of the 19F spins indicat-
ing a liquid. The 1H signal from poly(ethyl 2-cyanoacrylate) on the other hand decays
much faster with T ∗2 = 16 ± 3 µs (see figure 5.21 B bottom). This fast decay is expected
from solid-state spins. The spin magnetization of spins in solids however is expected to
last much longer. Its decay is measured for 1H spins in poly(ethyl 2-cyanoacrylate) and
yields a decay time of 1.0 ± 0.2 ms, two orders of magnitude longer than the T ∗2 time
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(see figure 5.21 C). Therefore it can be concluded that the 1H-spins are not mobile and
dipole-dipole coupling is leading to fast dephasing.

5.12. Sensitivity

An important parameter for a sensing technique is its sensitivity. The sensitivity needs
to be analyzed in the context of the measurements task. NMR spectroscopy aims for a
high spectral resolution which scales with δν = 1/τ . In the case of the sensor-memory
based protocol a spectral resolution of sub Hz can in principle be achieved. During the
long storage time (and hence long phase acquisition time τ) the sensor spin is idle which
might reduce the sensitivity. However so far the actually achieved spectral resolution, is
limited by the sample properties to around 150 Hz (see equation 5.6).
For the discussion of sensitivity of the NV nano NMR it is assumed that all spins

exhibit the same resonance frequency (single nuclear spin species and single chemical shift
component). Furthermore any other noise source than projection noise is not considered.
For the task of precisely determining the frequency of the sample spins the sensitivity is:

ην = σS
√
ttot

dS/dν
(5.36)

with

σS
√
ttot =

√
t+ τ + Tread/2 , (5.37)

dS/dν =2πτvisγ
2B2

rmst
2

8 exp
(
−γ

2B2
rmst

2

4 −
(

t

T sensor
2

)n)
. (5.38)

σS stands for the statistical projection noise of the QND readout of the memory spin.
The total measurement ttot is the sum of the sensing time t, the phase acquisition time
τ and the QND readout time Tread. The visibility of the signal is discussed in section 5.7
and is around 0.65. The typically chosen sensing time t in the measurements is around
200 µs which is approximately the average T sensor

2 . For t ≈ T sensor
2 and t � τ , Tread the

sensitivity is:

ην ≈
√
τ + Tread

τγ2B2
rms(T sensor

2 )2 · exp
(
γ2B2

rms(T sensor
2 )2

4 + 1
)
. (5.39)

In our case the field of the statistical magnetization is weak with values ranging from 9
to 46 nT. Hence we can assume that BrmsT

sensor
2 is much smaller than 1, which leads to

the approximation of equation 5.39:

ην ≈
√
τ + Tread

τγ2B2
rms(T sensor

2 )2 · exp (1). (5.40)
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Additionally in this study the phase acquisition time τ is limited by the decay time T,
which mainly depends on T ∗2 and TD of the sample spins. It is around 2.5 ms, a factor of
3 smaller than the readout time. In this case ην can be written as:

ην ≈
2√

Tγ2B2
rms(T sensor

2 )2
· exp (1). (5.41)

Once the limit of T is overcome and τ � Tread applies, then the sensitivity ην will scale
with 1/

√
τ :

ην ≈
1√

τγ2B2
rms(T sensor

2 )2 · exp (1). (5.42)

The sensitivity can also be defined for the task of detecting the strength of sample spin
magnetization Brms with a fixed spectral resolution δν.

ηBrms = σS
√
ttot

dS/dB2
rms

(5.43)

with
dS/dB2

rms = vis
γ2t2

4 exp
(
−γ

2B2
rmst

2

2 −
(

t

T sensor
2

)n)
(5.44)

For a weak field of the sample spin magnetization Brmst is � 1 and it is necessary to
utilize T sensor

2 as the sensing time t.

ηBrms = 2
√
T sensor

2 + τ + Tread

γ2(T sensor
2 )2 · exp (1) (5.45)

Figure 5.22 shows the scaling of the standard deviation of an exemplary NMR mea-
surement. The scaling for the power spectrum is ∝ 1/Navg and ∝ 1/

√
Navg for the time

series data.

5.13. Comparison between the NV NMR methods

Since the first demonstration of NMR detection with NV centers in diamond the pulse
sequences have been enhanced with the goal of achieving a higher spectral resolution.
The three main pulse sequences currently used for high spectral resolution nanoscale NV
NMR are: correlation spectroscopy [50], continuous sampling [200, 201, 39] and the here
presented memory based correlation spectroscopy. In the following a comparison between
these three sequences is presented.
The implementation of correlation spectroscopy purely based on the electron spin is

simple as it does not require any additional resource like a storage medium or a stable
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Figure 5.22.: Standard deviation scaling of an exemplary NMR measurement. The standard
deviation scaling of the Ramsey measurement of 19F spins in PFPE is plotted (displayed in Figure 5.15
A). The standard deviation of data from the fit is determined and plotted for increasing measurement
time (Navg). A shows the deviation of the time series from the fit. Here the scaling is ∝ 1/

√
Navg.

B shows the deviation of the normalized power spectrum data from the fit. The power spectrum
scales with ∝ 1/Navg. The first standard deviation point is set for Navg = 1000. The total number
of 100 data points with Tmeas = 17.8 ms corresponds to an averaging measurement time of 30min.

timing source. It can be implemented at any applied magnetic field. The main draw-
back of the technique is that its resolution is limited by the T sensor

1 time which is a few
ms. Second if no memory spin is available then the readout is additionally charged with
photon-shot noise. The readout is therefore inefficient and makes long averaging times
necessary.
The continuous sampling technique, also called quantum heterodyne (Qdyne) or co-

herently averaged synchronized readout (CASR), is motivated by its sensor unlimited
resolution. Furthermore its sensitivity does not scale with the target resolution since the
sample signal is continuously sampled. For a test signal produced by a signal generator
narrow linewidth with up to mHz FWHM were measured [200, 201, 39]. When it comes
to nuclear spins it is difficult to achieve high spectral resolution with this technique. The
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reasons are the continuous entangling between the sensor spin and the sample spins and
sensor spin projection which induces a back-action on the sample spins. This leads to de-
phasing. The effect depends on the hyperfine coupling between sensor and sample spins.
For samples more than 10 µm away from the sensor spin the back-action induced broad-
ening is only on the order of a few Hz. Indeed with a 13 µm deep ensemble of sensor spins
the thermally polarized sample spins could be detected and a linewidth of 3 Hz could
be achieved [39]. But a demonstration of high spectral resolution with nanometer scale
samples or even single nuclear spins is not unfeasible with continuous sampling. Besides
the aforementioned measurement back-action, the laser readout pulses during the evolu-
tion time can induce excitation of dark spins on the diamond surface or of radicals in
the sample [46]. This accounts for an additional source of noise and leads to relaxation
of the sample spins. For (solid) poly(ethyl 2-cyanoacrylate) e.g. the spin magnetization
decays after a few hundred laser pulses [217, 218]. The latter can be prevented in the case
of a micrometer distance between the sensor and the sample by illuminating with total
internal reflection which would only affect the sensor spins [39]. However in the nm-case
the diffraction of light will lead to simultaneous sample illumination.
The measurement back-action can be attenuated by performing a weak measurement

[218]. In the experiment this means a reduction of the sensing time. Consequently the con-
trast is reduced and more averaging measurement steps are required. On the other hand
more readout pulses can be applied within one total sweep of measurement. Depending on
the measurement task a trade-off between spectral resolution and measurement sensitivity
needs to be made. The continuous sampling technique relies on single laser pulses that
exhibit photon-shot noise. This reduces the sensitivity substantially. Repetitive readout
[28] helps and has been applied [201] but single shot readout is not feasible, due to the
required ms long measurement time [29].
The memory based NMR detection on the other hand applies readout in a single-shot.

More importantly it does not have the measurement back-action limitation. In the sample
manipulation part the sensor spin is not excited and there is no entanglement between the
sensor and the sample spins. Additionally methods have been introduced to circumvent
the dissipation effect of the sensor on the sample spins [15]. However the idle mode of the
sensor can be seen as a disadvantage since for a significant part of the total measurement
time no signal is acquired. Once the sample manipulation part is much longer than the
readout time (a few ms) it will dominate the total measurement time. The sensitivity
can be increased by e.g. adding more sensor spins. By deterministically initializing their
memory spins a collective application of the sequence is possible. Implementation of com-
pressed sensing would also reduce the required measurement time substantially [219].
It can be concluded that the continuous sampling technique and the memory based
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NMR detection have both their advantages and disadvantages. In the end it will depend
on the task which sequence will be more suitable. E.g. for the high resolution spec-
troscopy of strongly coupled small clusters of nuclear spins the measurement back-action
and the photon-shot noise dominated readout are two obstacles. Therefore the memory
based NMR detection would be favorable. However for very weakly coupled nuclear spins
the continuous sampling technique could outplay the memory based one by its predicted
shorter measurement time. Interestingly the measurement of micrometer-scale samples
[39] had a duration similar to the NMR measurements based on a memory spin (see table
A.3) due to the weak sample spins’ signal.
The choice of the technique will also be defined by the applied magnetic field strength.

If a high magnetic field (B > 1 T) is required to e.g. facilitate chemical shift detection then
the continuous sampling technique is not likely to be used since currently the necessary
Rabi frequencies Ω cannot be reached (Ω = γ · B are required, for 1H spins at 1 T, Ω is
42.576 MHz). The memory based sensing has also the advantage that any NMR sequence
can be applied in a straightforward manner to the sample spins e.g. homonuclear decou-
pling. In the case of the continuous sampling method an arbitrary NMR sequence other
than a simple FID or an echo sequence is difficult to implement. In Qdyne the higher
order signal originating from 13C spins might overlap with the 1H spin signal [220] and
working with 13C purified diamond sample or adjusting the sequence might be necessary.

5.14. Outlook

The NV Nano NMR experiments have shown great potential for NMR spectroscopy. Now
this potential can be converted into an useful application in chemistry, biology or medicine.
However still improvements of the NV nano NMR method need to be conducted.
The NV Nano NMR technique has the potential to detect and to image single molecules.

For this purpose it will be essential to position the single molecules right above the lo-
cation of a NV center in diamond. Work to functionalizing the diamond surface is going
on [221]. Once the single molecule is successfully attached to the diamond, the hyperfine
gradient created by the NV center could be used to map out the nuclear spin locations
within the molecule. Besides the stationary operation of NV Nano NMR it can also be
used for imaging larger samples. Indeed NMR imaging has been demonstrated for large
samples but with low spectral resolution [43, 44]. One possibility has been be to scan the
molecule over the sensor or vice versa with an AFM. The other approach is to work with
an ensemble of NV centers and image them with a widefield setup. Resolution beyond
the diffraction limit can be achieved by the STED technique [31] or STORM [222]. With
the high spectral resolution shown in this work it should now be possible to image and
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identify molecules on a nanometer scale. Regarding spatial resolution a magnetic field
gradient can be helpful. For example a gradient of 10 mT/nm has been produced by a
magnetic write head and measured by the NV center [195].
In contrast to conventional NMR spectrometers, NV Nano NMR does not fundamen-

tally need a high magnetic field. The continuous sampling e.g. can work at ultra-low
magnetic fields. The memory based sensing however requires at least 0.25 Tesla in order
to have a sufficiently long nuclear spin lifetime. But this can be achieved by permanent
magnets [29]. This would mean a solely room-temperature operation and would allow a
miniaturization of the whole experimental setup. Additionally there is no need to add a
reference molecule to the sample like in the case of conventional NMR. The NV center
electron spin or the intrinsic 13C spins can act as a reference. All these aspects suggest
that it should be possible to develop a low-cost benchtop NMR spectrometer based on
the NV Nano NMR technique. The main challenge however is to achieve a high spectral
resolution comparable to conventional NMR spectrometers.
For liquid samples the inhomogeneity of the statistical polarization represents a limit

to the achievable spectral resolution. This can be solved by trapping the sample inside
nanofabricated dimples [41]. In that case the detection volume would match the sample
volume and the signal would not get lost because of diffusion. Another approach is to
increase the detection volume (and sacrificing spatial resolution) up to the point that ther-
mal polarization dominates over the statistical. The thermal polarization of all nuclear
spins is the same. Hence diffusion would not degrade the signal and would consequently
not limit the spectral resolution.
In solid samples on the other hand the dipolar broadening requires to be suppressed in

order to achieve a high spectral resolution. Therefore homonuclear decoupling needs to
be implemented with faster nuclear spin operations. The rotations in the homonuclear
decoupling sequences would be more instantaneous and the decoupling would work better
[215]. Magnetic write heads e.g. have shown their eligibility to induce fast nuclear spin
manipulation [195]. The second decoupling strategy in conventional solid-state NMR is
to rotate the sample along the magic angle with respect to the magnetic field orientation.
A recent study suggests that magic angle spinning at low fields may be possible in con-
junction with NV centers in diamond [211]. These suggested improvements should lead
to much higher spectral resolution.
In the case of the memory spin based sensing, more memory spins can be included in

order to gain multibit information in each measurement run. This becomes especially
important when the targeted spectral resolution is in the Hz range and the corresponding
time scale is on the order of seconds. The NV Nano NMR sequence has the advantage
of being compatible with arbitrary NMR sequences. So far only 1 dimensional NMR se-
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quences have been applied. The application of two or higher dimensional NMR sequences
can be imagined in the near future. It can also be pointed out that the sequence can be
applied to electron spins as well. The combination of ESR and NMR enables a new set
of experiments.
Another promising application of NV centers is as a room-temperature mediator of

polarization to sample spins. Despite intensive research so far hyperpolarized nuclear
spins outside the diamond lattice have not been detected. The crucial parameters are
the density of NV centers and their distance to the surface. Nanostructured diamond
[223] or nanodiamonds can substantially increase the surface to molecule contact area
and enhance the polarization transfer. Conventional NMR spectroscopy would benefit
from hyperpolarized nuclear spins. It would also be possible to combine NV Nano NMR
spectroscopy and polarization transfer in one system. This would increase the sensitivity
of the NV Nano NMR and reduce the measurement time.
Another application is a quantum simulator with single nuclear spins on the diamond

surface [198]. In that regard the surface can be terminated with fluorine atoms or at-
tached to a 2d material containing nuclear spins e.g. hexagonal boron nitride [197]. In
this scenario the NV center in diamond would play the role of the sensor qubit.
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Physicists have ever since developed different imaging methods that allowed a better and
better insight into matter. Many nobel prizes have been awarded for these inventions.
Examples of these imaging methods are e.g. x-ray scattering, transmission electron mi-
croscopy (TEM), scanning near-field optical microscopy (SNOM), atomic force microscopy
(AFM) and scanning tunneling microscopy (STM). These techniques achieve unprece-
dented spatial resolution but lack universal application. The methods are restricted to
specific samples, e.g. crystals in the case of x-ray scattering or image only the surface
topology. Optical microscopy on the other hand offers the possibility to e.g. image cells
via fluorescent biomarkers. In that regard nanodiamonds containing NV centers have
been proposed as bio-labels due to their non-cytotoxicity [224]. Furthermore optical mi-
croscopy of NV centers (sensor spins) has been combined with magnetic resonance to
achieve nanometer scale metrology.
In optical microscopes the diffraction of light limits the achievable resolution. The

diffraction limit was formulated by Ernst Abbe in 1873:

d = λ

2 n sinα (6.1)

with λ the excitation wavelength, n the refractive index and α the half of the angular
aperture of the objective. This limit means that two objects with a distance less than
d will be not be resolvable by an optical microscope. If the object is emitting light, as
is the case for fluorescing NV centers, the Rayleigh criteria has to be applied. The light
does not appear as a point, but rather as a diffraction pattern which is described by the
point spread function (PSF). The minimum distance between two emitters in order to be
resolvable according to Rayleigh is:

d = 1.22λ
2 n sinα. (6.2)

In the case of imaging NV centers in diamond using a high NA oil objective, the resolution
will be limited to around 267 nm. Sensing with an ensemble of NV centers would therefore
not be able with a resolution beyond this limit. Biologists and chemists are however
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interested in observing much finer structures in the obtained images. One solution to
achieve a sub-diffraction resolution is to scan the sample attached to an AFM on top of
a sensor spin [43]. The necessity to attach the sample to the AFM tip is not an easy task
and therefore has limited application.
This chapter deals with concepts overcoming the diffraction limit (see section 6.1). Here

the STORM method is applied to NV centers in diamond to achieve a resolution beyond
the diffraction limit. Section 6.2 describes the photo-ionization mechanism of NV centers
that enables the application of STORM. In the main section 6.3 STORM microscopy
of NV centers is presented. Section 6.4 shows results of combining STORM microscopy
with magnetic resonance techniques. In the end an outlook describes applications of the
technique (section 6.5). The results of this chapter are published in [222].

6.1. Super-resolution techniques

A new concept of sub-diffraction limited microscopy was suggested by Stefan Hell. The
general idea is to exploit the non-linear optical response of emitters and spatially restrict
the region where fluorescence can be emitted. The theoretical work was formulated in
1994 [31] and the experimental verification followed in 1999 [225]. The technique called
stimulated emission depletion (STED) achieves the spatial restriction with a donut shaped
laser beam. This beam has the task to suppress the fluorescence emission by all emitters
within the donut mode. It is overlapped with an excitation laser of gaussian shape.
As a result, fluorescence is only emitted in the non-overlapping region of the two laser
beams: in the center. The mechanism, suppressing the spontaneous emission is called
stimulated emission. It can be achieved by a laser wavelength matching the emission
spectrum. In addition to this the laser intensity needs to exceed the saturation intensity of
stimulated emission. The high laser intensity then deexcites the emitter before it can relax
by spontaneously emitting a photon. The donut mode has a gaussian profile. Therefore
the laser intensity next to the zero intensity point does not increase instantaneously to
the maximum point. However the response of the emitter becomes sharper when the
maximum laser intensity increases. As a consequence the region where the fluorescence
of emitters is suppressed becomes larger. The resolution therefore scales as:

σ = λ

2 n sinα
√

1 + Imax/Isat
. (6.3)

where the maximum laser intensity of the donut laser beam is Imax and the saturation
laser intensity is Isat. Typically laser intensities on the order of GW

cm2 are used for STED
microscopy. Another mechanism to switch off the fluorescence is to transfer the emitters
to a long-lived (on the order of ms) dark state e.g. a metastable state or another charge
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state. This technique is called ground state depletion (GSD) and typically requires many
orders of magnitude lower laser intensity. The STED technique has been implemented
with NV centers as well and allowed microscopy well beyond the diffraction limit [35, 226].
Since the NV center is photo-stable high laser intensities can be applied and as a result a
resolution of 2.4 nm has been achieved [226]. On the other hand GSD was implemented
by exploiting the NV0 state as a long-lived dark state [131]. The study at that time did
not identify the dark state as a different charge state. This was confirmed later [132, 36].
Furthermore the charge state transfer rates were analyzed for a large range of wavelengths
and intensities [36] and the optimum wavelength for switching efficiently to the NV0 state
was determined.
Another approach to overcome the diffraction limit relies on the fact that there is a

difference between resolution and localization accuracy. While resolution represents the
minimum distance two objects need to have in order to be resolvable, the localization
accuracy refers to the accuracy with which the position of an emitter can be determined.
The optical microscope images an emitter with a characteristic point spread function
(PSF) which can be represented by an Airy pattern. The pattern can be approximated
by a gaussian function in the center. Its localization accuracy can be expressed by (without
considering noise) [227]:

σ = 0.51 · λ
n sinα

√
N

(6.4)

with the number of detected photons N. Hence if multiple emitters within a diffraction
limit can be localized individually, this would break the limit set by the diffraction. This
can be achieved by stochastically switching the emitters on and off. Switching off means
that the emission of fluorescence is prevented. In fluorophores e.g. intrinsic stochastic
processes can be exploited in order to optically activate or deactivate the fluorophores.
The on-/off-ratio usually depends on the excitation laser. It can be tuned in order to
increase the probability to only have single emitters within a diffraction limited region
emitting fluorescence (for a time interval). A CCD camera can record an image, with
the single emitters being localized after a post-processing step. One by one every emitter
can be localized by this procedure and an image with a resolution beyond the diffraction
limit is constructed. Stochastic optical reconstruction microscopy (STORM) and Photo-
activated localization microscopy (PALM) are two examples for this stochastic switching
based super-resolution microscopy [32, 33, 34]. The difference between the two meth-
ods are the used fluorophores. While STORM works with photoswitchable organic dyes,
PALM on the other hand exploits photoswitchable fluorescent proteins.
Widefield illumination together with CCD imaging allows a parallel identification of

emitter locations. This results in fast processing which is especially interesting for the
imaging of living cells. As an application molecules are targeted with fluorophores and im-
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aged by STORMmicroscopy with a resolution of a few ten nanometers [228, 229, 230, 231].
For both, the deterministic and the stochastic approach of super-resolution microscopy,
the Nobel prize in chemistry was awarded to Eric Betzig, Stefan Hell and William Mo-
erner in the year 2014.
In this work the STORM technique is implemented for the first time with NV centers

in diamond. Ensembles of NV centers are illuminated in a wide-field setup and their fluo-
rescence counts are acquired in a parallel fashion. The method relies on the laser-induced
charge state dynamics of the NV center which enables stochastic switching between charge
states [36]. This mechanism is explained in the following section 6.2. STORM microscopy
is applicable to all NV centers in bulk diamond, due to the observed homogeneous charge
state properties. In contrast to fluorophores, the NV center is not solely an emitter, but
also possesses an electron spin, which can act as a magnetic field sensor [77, 78].

6.2. NV center photo-ionization

The charge state properties of the NV center have been briefly discussed in the introduc-
tion 2.5. For the purpose of this investigation the two charge states NV− and NV0 are
relevant (see figure 6.1). The fluorescence of both charge states differs in wavelength (see
figure 2.5) and can therefore be separated by a suitable optical filter. In addition to this
the excitation spectrum of both charge states differs as well [36, 133].
Detailed knowledge has recently been gained about the laser induced charge state dy-

namics [132, 36]. Ionization from NV− to NV0 has been observed as well as the reverse
process called recombination. Both processes are induced by two photons and depend
on the laser wavelength and its intensity [132, 36]. For ionization, the NV− charge state
first needs to be excited (see fig. 6.1). A second photon can transfer the electron to the
conduction band. As a result, the charge state is switched to NV0. The recombination to
the NV− charge state is analogue to the ionization. First the NV0 charge state is excited
by a photon. Subsequently a second photon can levitate an electron from the valence
band into the ground state of the NV0, thereby switching to the NV−. Both ionization
and recombination occur stochastically. Due to the two-photon involvement the charge
state lifetimes, τon and τoff , are inversely proportional to the square of the laser intensity
I2

L (see figure 6.2 B): τon, τoff ∝ I−2
L . On the other hand, the fluorescence rate Γ is linearly

proportional to IL (see figure 6.2 A): Γ ∝ IL. Consequently the product of charge state
lifetime τon and fluorescence count rate Γ will be proportional to the inverse of laser in-
tensity IL (see figure 6.2 C). This product represents the average number of photons per
burst n and will increase for lower IL: n ∝ I−1

L . Furthermore there is a dependence to the
excitation wavelength. For a wavelength of λL=594 nm the number of photons per burst
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Figure 6.1.: Scheme of charge state energy levels of the NV center in diamond. The two
charge states of the NV center are the negatively (NV−) and the neutrally charged state (NV0). Both
are represented by their energy levels. Additionally NV− is subdivided into the ms=0 and ms=± 1
states. Orange arrows depict the transition into other states induced by the laser. Wavy red arrows
stand for the fluorescence and the gray arrow for spin polarization. The MW can induce transitions
between the spin states and is represented by a blue double arrow. The strength of the transition is
indicated by the width of the arrows.

is found to be increased [132, 36]. Moreover the laser induced charge state ratio depends
on the wavelength. For example the ratio between the NV− and the NV0 state is around
10 %: 90 % for λL=594 nm and around 70 %: 30 % for λL=532 nm (see figure 6.2 D).
For low power laser illumination with λL=594 nm the charge state switching occurs on a
timescale of seconds and therefore becomes visible in a NV− fluorescence time trace (see
figure 6.3).
The stochastic charge state switching (see figure 6.3) is similar to the behavior of the

STORM fluorophores. Additionally the ionization rates for different bulk NV centers are
found out to be the same. Therefore the stochastic charge state switching is suitable for
STORM imaging.

6.3. STORM microscopy of NV centers in diamond

The procedure is to illuminate the NV centers in a wide-field configuration with a 594 nm
laser of low intensity and record the images with the CCD camera. Depending on the
requirements the on-off ratio and the switching rates can be controlled by the selected
wavelength λL and laser intensity IL. The wavelength of λL = 594 nm is suitable, due to a
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A

B

C

D

Figure 6.2.: Laser intensity and laser wavelength dependence of photo-ionization. A Linear
dependence of the fluorescence counts on the laser intensity. B Inverse quadratic dependence of
the NV− charge state lifetime on the laser intensity. C Inverse linear dependence of the number
of photons per burst on the laser intensity. D The NV− to NV0 ratio in dependence of the laser
wavelength.

higher number of photons per burst compared to other wavelengths. On average n ∼ 600
photons can be collected within a lifetime of τon ∼ 2 s for a intensity of IL ∼ 1 kW/cm2

(see fig. 6.3). The experimental setup for the STORM measurements on NV centers has
been described in chapter 2.6.2. It enables confocal microscopy in combination with an
APD on one hand and a widefield illumination combined with CCD imaging on the other
hand. The latter can be achieved by electronically flipping the lenses and the mirrors into
the illumination and detection path, respectively. The fluorescence timetrace in figure 6.3
is taken with an APD. Here two NV centers are illuminated by a 594 nm laser with a
IL ≈ 1 kW/cm2. Distinct cases are revealed in the timetrace (see figure 6.3). A low count
rate refers to the detection of background photons. Hence in this case both NV centers
reside in the NV0 state. Two high fluorescence levels can be distinguished in the timetrace.
The lower level corresponds to the case of a single NV center being in the NV− charge
state. The higher level shows approximately doubled fluorescence counts and represents
the case of both NV centers residing in the NV− charge state. With the determined count
rate corresponding to a single NV− center, a fluorescence threshold can be set and all
unwanted cases can be discarded.
The STORM measurement protocol is shown in figure 6.3 (top). The 594 nm laser

illumination is constantly on. The CCD imaging however is pulsed in frames. Selecting

126



6.3. STORM microscopy of NV centers in diamond

Figure 6.3.: STORM measurement sequence and charge state switching trace. Top shows
the sequence applied to obtain STORM images. Laser at a wavelength of 594 nm is continuously
applied. Simultaneously a CCD camera records the images. The bottom presents a fluorescence
trace recorded by an APD. An optical filter prevents the detection of NV0 fluorescence and ensures
the distinguishability between NV0 and NV−. The level of fluorescence determines whether one, two
or no NV centers are in the NV− charge state. For STORM imaging only cases where one NV resides
in the NV− charge state are relevant. The average number of photons per burst is 290.

the exposure time of a single frame is crucial. The reason is the asynchronous switching
of charge states. It makes sense to set the exposure time of the CCD camera equal to
the previously determined average lifetime of the NV− charge state τon. This allows an
efficient imaging of the NV centers. Moreover since NV centers in bulk diamond are
typically not photo-bleaching, they can be illuminated for an unlimited time.
Postprocessing plays an important role in the STORM imaging method. The goal

is to detect a single emitter in a diffraction limited spot in a single CCD frame. The
most important indicator are the detected fluorescence counts within a diffraction limited
region. A lower fluorescence threshold excludes all the cases in which the emitters are
all in the NV0 charge state. On the other hand an upper fluorescence threshold filters
out all cases in which two or more NV centers are in the NV− charge state. By applying
these two thresholds, the unwanted cases can be discarded. There is however still the
possibility that two NV centers contribute to the counts. For these cases an additional
postprocessing step helps. All frames are checked for an antisymmetrical shape of the
PSF. Frames with a significant deviation from the expected shape are discarded.

The remaining frames are all fitted by a 2d gaussian function which approximately
describes the PSF of the emitters [232]. The fit yields a position [xi, yi] for each frame
i. The corresponding position uncertainty σx/y,i depends on the total number of photons
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Figure 6.4.: Sub-diffraction-limit imaging of NV centers by the STORM technique. Left:
CCD image shows a single blur created by three emitting NV centers that are not resolved due to the
diffraction limit. Center: STORM image depicts three different location distributions corresponding
to single NV centers. Right: Emitters are localized with an accuracy of 6 Å by fitting the location
distribution. The average NV− charge state lifetime is 1 s and on average 350 photons are emitted
per burst.

A B

Figure 6.5.: Resolution obtained by the STORM technique. A Line scan of a STORM image
exhibits two emitters. The FWHM of the two distributions are 27 nm and 29 nm, respectively. The
average NV− charge state lifetime is 4 s. B Resolution is plotted in dependence of the NV− charge
state lifetime (lower x-axis) and the number of photons per burst (upper x-axis). Green points show
the measurement results and are fitted by equation 6.8. The fit is depicted as a blue curve. The
fit function considers the drift during the accumulation of the image and the number of signal and
background photons. The red plot illustrates the achievable resolution in the case when sample drift
is negligible.

contributing to the frame ni. The uncertainty is expected to be smaller than the diffraction
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limit σλ,i as it scales with:
σx/y,i ∝ σλ,i/

√
ni. (6.5)

All 2d Gaussian functions with the obtained positions [xi, yi] and standard deviations
σx/y,i can be summed up:

p(x, y) =
∑
i

1
2πσ2

x/y,i

exp
−(x− xi)2 + (y − yi)2

2σ2
x/y,i

 (6.6)

As a result, distinguishable distributions corresponding to single NV centers should be
resolvable in the map.
STORM is first demonstrated with three NV centers in a diffraction limited area. The

left fluorescence image in figure 6.4 is obtained by illuminating the spot with a 532 nm
laser and a laser intensity reaching saturation (IL ≈ 200 kW/cm2). The higher fluorescence
count rate hints to the existence of multiple NV centers. There is however no possibility
of localizing the NV centers individually with the obtained image. On the other hand,
the STORM measurement taken with 594 nm laser light and with intensities on the order
of IL ≈ 1 kW/cm2 reveals three resolvable location distributions corresponding to three
NV centers (see figure 6.4 (center)). On average 350 photons per burst are detected with
an average NV− charge state lifetime of 1 s. The achieved resolution (FWHM) is around
30 nm. The distributions can be fitted in order to localize the NV centers even better
(see right side of figure 6.4). The localization accuracy scales with M the number of fits
belonging to a particular NV center: σ̂x/y = σx/y/

√
M . Here M is on average≈ 2000 which

yields a localization accuracy of σ̂x/y=6Å. This additional gain in localization accuracy
is only possible if the NV centers are separated more than the location uncertainty σx/y,i.
In the equation 6.5 the scaling of the resolution σx/y,i is shown. Here effects like sensor

pixelation and background photons are not considered. However in the experiment they
do limit the resolution and therefore have to be included into the equation. The standard
deviation according to the paper by Thompson et. al [233] is:

σ2
x/y,i =

σ2
λ,i

ni
+ a2/12

ni
+

8πσ4
λ,ib

2

a2 · n2
i

(6.7)

with the pixel size on the CCD camera a=100 nm and the background photons b(t) ≈
1 + 0.3 s−1 · t.
Regarding the resolution a higher number of photons per burst ni is desirable and can

be achieved by further decreasing the laser intensity IL: ni ∝ I−1
L (see figure 6.2 C).

However the charge state lifetime and consequently the chosen exposure time increases
quadratically by reducing IL: τon ∝ I−2

L (see figure 6.2 B). This means that ni increases
with the square-root of the exposure time. The number of background photons increases
with the exposure time as well and at a critical point can dominate the resolution limit.
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Therefore an optimum exposure time for gaining the best possible standard deviation
σ2
x/y,i can be determined.
Figure 6.5A shows a lineplot of a STORM measurement. The average number of

photons is ≈ 700 with an average charge state lifetime of 4 s. The FWHM of the two
location distributions is 27 nm and 29 nm, respectively. FWHM for varying charge state
lifetimes are measured and plotted in figure 6.5B. On the other hand the theoretical scaling
is represented in equation 6.7 and plotted in figure 6.5B (red curve) in dependence of the
charge state lifetime/exposure time t. There is a clear deviation between the measured
and the theoretical scaling. Theoretically a resolution of ≈ 14 nm is achievable. The
reason for the deviation is the occurrence of sample drift. Long term drift can partially
be compensated by localizing the emitters with high intensity laser light (532 nm and in
saturation power). Additionally different measures, like building a robust sample stage
are taken in order to reduce the drift of the sample. The short term drift, in the extreme
case, during a CCD exposure time can however not easily be get rid of. The drift in
the experimental setup is estimated to be σdrift ≈ 10 nm. This can be added to the
equation 6.7:

σ2
x/y = σ2

x/y,i + σ2
drift. (6.8)

The blue curve in figure 6.5B shows the corresponding values and matches well with the
measurement data.
This is a proof-of-principle experiment showing that STORM imaging of NV centers

with a resolution of 27 nm is possible. This is the first time demonstration of optical
sub-diffraction imaging in parallel fashion with NV centers. A higher photon collection
efficiency [234] and a reduced sample drift would enable a resolution of less than ≈ 10 nm.
Furthermore it can be envisioned to tailor the photo-ionization with the goal of e.g.
achieving a higher number of photons per burst. This can potentially be accomplished
by locally changing the Fermi level of the diamond [235, 137].

6.4. Sub-diffraction limit magnetic resonance

In contrast to the STORM fluorophores the NV centers in diamond have an electron
spin. The idea is to achieve a combination of high spatial resolution via STORM with
the high magnetic field sensitivity via ODMR, named STORM-ODMR. This would have
two advantages. First it would enable nanoscale sensing by an ensemble of NV centers
with a spatial resolution beyond the diffraction limit [74, 156, 45, 236]. And second the
localization of NV centers would be enhanced by the STORM-ODMR technique. The
latter can be achieved by selectively driving single NV electron spins within an ensemble
and thus locally changing the fluorescence response [74, 237, 238, 239].
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As a proof-of-principle experiment STORM-ODMR is demonstrated on two NV cen-

Figure 6.6.: Sub-diffraction limit magnetic field sensing. A CCD image is shown with two
unresolvable NV centers. The two defects have different crystallographic orientations as depicted in
the inset. B Results of continuous wave ODMR of the two NV centers are shown. Four resonance
peaks are detected, corresponding to two different NV orientations. C STORM-ODMR measurement
is performed. Upper part shows the corresponding sequence. In addition to the laser illumination
at 594 nm, resonant MW radiation is applied. Its frequency alternates between the four resonance
frequencies for each CCD frame. The CCD images corresponding to one pair of MW frequencies
(ν1 and ν4) are subtracted from the other images (ν2 and ν3). This results in two distributions of
emitter locations which is outlined in the line scan on the right. D STORM-ODMR is obtained with
a high spectral resolution. The ODMR spectra can be assigned to individual NV centers. Only one
NV reveals a hyperfine resolved resonance in the spectra.
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ters within a diffraction limited spot (see figure 6.6A). The requirement is that both NV
centers differ in their spin transition frequency. This can be achieved by the application
of a magnetic field gradient which leads to different Zeeman shifts. In the context of NV
centers a gradient field of 10 mT/nm has been generated by magnetic write heads [195]. In
this work however two NV centers are used that have different orientations in the diamond
crystal. An applied magnetic field has different angles to the two NV centers’ axes which
results in separable resonance lines [77]. This is shown by a continuous wave (cw) ODMR
measurement (see figure 6.6B). For this purpose laser illumination with a wavelength of
532 nm and at saturation intensities is focused to the NV centers for spin initialization
and readout. In addition to this MW radiation is switched on. The MW frequencies are
varied in a range of 50 MHz. Four dips in fluorescence are detected which correspond
to a successful spin transition to ms=±1. The outer peaks (ν1, ν4) correspond to the
first NV and the inner peaks (ν2, ν3) to the second NV. Furthermore the four resonances
can be divided into the states they are transferred to, starting from the ms=0 state: the
two peaks on the left belong to the transition to ms=-1 and the right resonances to the
transition to ms=+1 (see figure 6.1). Up to this point it is not possible to say from which
NV center position, the distinct resonance frequencies are coming from.
STORM-ODMR is implemented by extending the STORM sequence by MW applica-

tion (see figure 6.6C (top)). The MW frequency is synchronously switched after each
CCD frame between ν1 through ν4. The postprocessing explained in the previous section
is applied again to the obtained frames. The resulting location distributions that corre-
spond to the frequencies ν1,4 are summed up. On the other hand the location distributions
belonging to ν2,3 are subtracted. This procedure results in the image shown in figure 6.6C.
A positive (in red) and a negative (in blue) location distribution can be observed which
correspond to two individual NV centers. In this case the distance between the NV centers
is larger than the STORM resolution σx/y,i. STORM-ODMR leads to the observation of a
zero-point between the two distributions which is highlighted by a linescan in figure 6.6C.
This means that NV centers with a distance smaller than σx/y,i can still be resolved by
STORM-ODMR.
Here the used sequence of STORM-ODMR only shows the detection of electron spin

states. In principle it can be replaced by other more complex sequences which are sensitive
to nearby nuclear spins. This would enable nuclear spin imaging on the nanoscale. To-
wards this goal a higher magnetic field sensitivity is shown in conjunction with STORM.
The achievable spectral resolution in an ODMR experiment can be optimized up to the
limit set by the T∗2 time (limited by the 13C nuclear spin bath [240]). This allows to
resolve the hyperfine interaction with nuclear spins in the near vicinity. However in the
previously shown STORM-ODMR measurement the obtained ODMR peaks are broad-

132



6.4. Sub-diffraction limit magnetic resonance

ened by MW power (see figure 6.6B). Therefore the MW power is decreased and a higher
frequency sampling around the resonance peak ν1 is introduced. As a result, for each
NV center in figure 6.6C a separate ODMR spectrum with high spectral resolution can
be measured (see figure 6.6D). The frequency range only covers the resonance of one NV
center. Consequently only the latter shows three resonance lines corresponding to the
hyperfine coupling to the intrinsic 14N nuclear spin. The total contrast of the STORM-
ODMR spectrum is 18 % which is close to the achievable contrast in conventional ODMR
(i.e. ≈ 30 %). In principle the ODMR sequence can be replaced by a sequence which is
sensitive to nuclear spins farther away [21].
The magnetic field sensitivity of the STORM-ODMR technique can be determined from

the spectrum in figure 6.6D. The three hyperfine (mI = −1, 0, 1) induced resonance lines
all contribute to the sensitivity and can therefore be added up:

δB =
 ∑
mI=−1,0,1

dΓ
dν

∣∣∣∣∣
max

−1

σΓ
2π
γe

√
T (6.9)

with the maximum slope dΓ/dνmax, the standard deviation of the data from the fit σΓ, the
gyromagnetic ratio of the electron spin γe and the total measurement time T . The calcu-
lated sensitivity is δB ≈ 190µT/

√
Hz. Additionally the theoretically achievable magnetic

field sensitivity can be predicted if the fluorescence count rate, the ODMR contrast and
the linewidth are known. It is limited by photon shot noise and gives a four times lower
value. This deviation is explained by the fluctuation in laser power and the postprocessing
process.
In the case of a single NV electron spin measured in a confocal microscope the fluo-

rescence count rate is much higher. Therefore in a shot noise limited experiment with a
similar T∗2 time, a sensitivity of ≈ 180 nT/

√
Hz can be achieved [241]. This is a ≈ 103

smaller value than for STORM ODMR and means a ≈ 106 shorter measurement time.
However STORM ODMR has the advantage that it can be applied in a parallel fashion
to an ensemble of NV centers. Scanning high-resolution methods like STED or GSD on
the other hand need to scan to each NV, one by one. In an example both methods can be
compared to each other. For an assumed spatial resolution of ≈ 30 nm in a 100×100µm2

area in diamond a total number of ≈ 107 NV centers should be resolvable. CCD imaging
with 1024×1024 pixels would allow to perform sensing with all ≈ 107 NV centers simulta-
neously. The STED technique should be able to achieve the aforementioned sensitivity of
δB ≈ 180 nT

√
Hz. Parallel sensing with 107 NV centers would still outperform scanning

based technique. In this example the STORM ODMR technique would be one order of
magnitude faster.
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6.5. Application

The NV electron spin is motivated as a nanoscale sensor for temperature [80], electric
[154] and magnetic fields [77, 78]. In this work NMR spectroscopy on the nanoscale has
been demonstrated with NV centers in diamond [184]. For all these applications sensi-
tivity improves with N the number of NV electron spins as ∝

√
N . The first application

of STORM with NV centers and its combination with ODMR opens a new avenue to
parallel sensing with a high spatial and spectral resolution. An ensemble of NV centers
with a high density and a depth of a few nanometer can be used for the aforementioned
sensing applications [156, 45, 236, 242, 243, 244, 24, 25].
Furthermore the determined magnetic field sensitivity of δB ≈ 190µT/

√
Hz can be

further improved. It is limited by the T∗2 time which is approximately the inverse of the
achievable linewidth in ODMR. In the experiments shown here, the ODMR linewidth is
∼ 1MHz. Diamond samples with a reduced 13C concentration can however exhibit a
decoherence rate of ∼ 1 kHz [240]. The current optical excitation rate of the STORM
experiments is on the same order. Matching the optical excitation rate with the inverse
of the T∗2 time is necessary to yield a minimum ODMR linewidth (in cw ODMR). Re-
ducing the ODMR linewidth to ∼ 1 kHz would enhance the sensitivity by three orders
of magnitude. Combined with the envisioned STORM resolution of 14 nm the parallel
STORM ODMR approach could potentially outperform scanning techniques by orders of
magnitude. Pulsed MW sequences can also be implemented within the STORM ODMR
technique and would allow a better control of the electron spin dynamics. Especially
dynamical decoupling sequences would enable sensing based on the longer T2 rather than
the T∗2 time [16, 24, 154, 80]. Furthermore nearby nuclear spins can be included as mem-
ory spins to store phase information before readout [29, 73].
The other application of NV centers that would benefit from STORM is the use of

nanodiamonds as functionalized bio markers [224]. Fluorescent nanodiamonds have the
advantage of being photostable and showing non-cytotoxicity. Besides the use for local-
ization imaging in cells the nanodiamonds can be used e.g. for temperature sensing [80].
STORM would in either case increase the resolution beyond the diffraction limit. It is
however important that the charge state switching properties of the NV centers are homo-
geneous among different nanodiamonds. The relationship between the nanodiamonds size
and its NV− probability has been investigated [245]. The study observed a decrease in
NV− fluorescence for smaller sizes of nanodiamonds. Thermal oxidation helped to recover
the NV− charge state.
In this work the charge switching behavior in nanodiamonds is investigated. The ex-

amined nanodiamonds are commercially available MSY diamond with an average size of
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6.5. Application

50 nm and 100 nm. First of all single NV centers are characterized by their fluorescence
response upon illumination with 532 nm. The laser power is set to 50 µW and resulted
in a varying fluorescence intensity between 100 and 250 kcount/s. This can be explained
by the differing orientation of the NV center’s optical dipole which affects the excitation
efficiency. Moreover the charge state switching in nanodiamonds is analyzed analogue
to the work conducted for single NV centers in bulk diamond [36]. Laser illumination
at 594 nm and at 180 nW laser intensity (measured before the objective) should lead to
the observation of charge state blinking in the fluorescence timetrace (similar to figure
6.3). Within the 50 nm nanodiamond sample, the NV centers do not show a switching
between charge states. In the 100 nm nanodiamond sample, a fraction of all NV centers
is showing charge state switching. Out of 479 NV centers, 168 NVs reveal jumps in the
fluorescence timetrace and are analyzed with the HMM model [36, 29, 179]. The analysis
yields ionization and recombination rates and fluorescence count rates for the NV− charge
state. The NV− probability can be determined out of it and is plotted in a histogram
6.7A. In bulk diamond the NV− probability is constantly measured to be around 10 % (at
594 nm). In the nanodiamond case it varies from 0 % to 100 %. Furthermore the number
of photons per burst can be calculated which is particularly interesting for STORM mi-
croscopy. This value is plotted against the fluorescence counts and shows a large spread
as well (see figure 6.7B). The case of a single NV center in bulk diamond is shown with the
blue curve in figure 6.7B. While in some cases the values measured in nanodiamonds out-
perform the bulk case, the inhomogeneity of the properties prevents the implementation
of the STORM technique. The inhomogeneity can be explained by the different Fermi
levels in nanodiamonds which are highly affected by the surface. Additionally electron
tunneling between different defects may play a role. These effects can lead to a blinking
behavior of the fluorescence response similar to the photo-ionization. This has actually
been exploited for localization based super-resolution microscopy [246].
In the STED or the GSD technique high laser intensities are used which can lead to

damages in cells. STORM microscopy on the other hand applies, at least, three orders and
six orders of magnitude lower laser intensities compared to GSD and STED, respectively,
which makes it much more bio-compatible.
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6. Super-resolution microscopy of sensor spins
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Figure 6.7.: Charge state switching properties in nanodiamonds. A Histogram of NV− prob-
ability obtained by analyzing 168 single NV centers showing a charge state blinking. The NV−

probability in the case of bulk diamond is marked with a blue line. B Number of photons per burst
for NV centers in nanodiamonds plotted in dependence of their NV− fluorescence. The corresponding
charge state behavior in bulk diamond is shown as a blue curve. The value for the used intensity is
highlighted with a blue square. The applied laser has a wavelength of 594 nm and an intensity of
180 nW.
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A. Appendix

symbol value description
T sensor

2 ≈ 0.3ms coherence time of sensor spin, limiting t
T sensor

1 6ms dissipation time of sensor spin, limiting Tmem
2

Tmem
2 9ms coherence time of memory spin, limiting quantum storage

time [30, 15]
Tmem

1 4min dissipation time of memory spin, limiting T and classical
storage time [15]

T ∗2 ∼ 10µs− 3ms coherence time of sample spins, limiting T
TD ∼ 5− 0.1 s diffusion time of sample spins through detection volume,

limiting T
T ∼ 10µs− 3ms spin maximum phase acquisition time τ of sample spins,

limiting NMR spectral resolution
t 50− 600µs phase accumulation time of sensor spin, determining signal

strength S
τ 1µs− 0.5 s phase acquisition (free evolution) time of sample spins, e.g.

in a Ramsey (magnetization decay) experiment

Table A.1.: List of time constants and variables used in chapter 5.

nuclear spin sensor-sample coupling c (Hz nm3)
1H 79,083
19F 74,440
13C 19,890

Table A.2.: Parameter c: c = µ0~γγs/8π2 stands for the strength of sensor-sample spin coupling.
µ0 is the magnetic constant, ~ is the reduced Planck constant, γ is the gyromagnetic ratio of the
sensor and γs that of the sample spin.
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Experiment Tmeas [ms] # n Navg Ttot t [µs] d [nm]
Fig. 5.15A 17.8 100 2e4 9h:53min:20s 300 51.7
Fig. 5.15C 21.4 500 1.6e4 47h:33min:20s 400 51.7
Fig. 5.16A 19.5 100 1.8e4 9h:45min:00s 300 35.5
Fig. 5.13 14.7 + k · 5 7 1.9e4 1h:5min:50.1s 300 34.4
Fig. 5.17 8.4 + 500k/17 18 4.3e4 21h:17min:0.7s 400 43.7

Fig. 5.18A top 16.1 67 1e4 2h:59min:47s 400 43.7
Fig. 5.18A bottom 16.1 + k · 1.5/59 60 1.4e4 3h:55min:54s 400 43.7

Table A.3.: List of data points n, measurement time per data point Tmeas, number of averaging
per data point Navg, total acquisition time Ttot, sensing time t and sensor (NV) depth d. Wherever
Tmeas is a variable and not constant, a formula has been given for each data point 0 ≤ k ≤ n− 1.
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