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Abstract

The discovery of magnetic resonance has enabled the development of a toolbox for studying struc-
ture and composition of samples ranging from molecules to solid powders. Within this toolbox,
magnetic resonance imaging, or MRI, has changed medicine by giving the ability to image struc-
ture and composition of human organs in a non-invasive manner. The vision to bring this ac-
complishment to the nanoscale and provide imaging of individual proteins and nano-structures,
such as molecular monolayers, is under pursuit by a variety of methods. This field is known as
nanoMRI.

Chiral induced spin selectivity (CISS) is a phenomenon describing the preferential interaction
between “handedness” and spin orientation in organic chiral molecules. It has been observed in
two main settings, one is in electron transport through the chiral molecule and the other in adhe-
sion on ferromagnets, and in a two-dimensional electron gas (2DEG) where magnetic effects are
observed. The underlying mechanism is not fully understood, and specifically the role of spin-
orbit coupling (SOC) and the role of the surface are open questions.

The nitrogen-vacancy (NV) center in diamond, an atomic defect, stands out as a magnetic sen-
sor that can be used to conceive a technique for nanoMRI. Research on the NV center has ad-
vanced over the past decades providing sensing protocols for detecting electron and nuclear spins
and enabling the use of single NVs at room temperature. Existing methods for nanoMRI using
NV centers have limited contrast due to the detrimental effect of permanent magnetic fields that
are not aligned with the NV center axis. Other NV based methods do not provide flexibility in the
position of the magnetic field and are limited in the amplitude of the gradient.

In this thesis, I developed and implemented a method for nanoMRI that overcomes the draw-
backs of a permanent magnet and provides temporal and spatial flexibility of the magnetic field. I
developed a current focusing device (CFD) in the form of a wire that is deposited along a quartz tip,
controlled by atomic force microscopy (AFM) feedback for surface proximity and incorporated in
an NV confocal microscope. Heat simulations show that an apex on the order of 1300 nm is re-
quired to sustain the current without damage to the device. At the same time, magnetic field simu-
lations show the field is expected to be weak and not interfere with the readout as with a permanent
magnetic. I present measurements of the of the magnetic field and show that for a pulsed current
of 1.54 mA the gradient achieved is 1 T/nm. Additionally, a destructive current ramp showed the
device can sustain a current up 13.4 mA which allows more than 8-fold increase in the gradient.
Using the low current gradient, electrons can be images with a resolution of 3.6 nm. A modifica-
tion of the Rabi time of the NV was also shown to occur due to the proximity of the tip to the
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surface. An increase of 3.5-fold was measured relative to the base line Rabi time - this allows shorter
Rabi times without increasing microwave (MW) power thus avoiding heating. Additionally, the
Rabi power spatial dependence can be used in the future for a second gradient method in which
spins can be selectively addressed. The scanning electromagnet can be used beyond nanoMRI
applications for applying local switchable electromagnetic fields.

A second aspect of nanoscale magnetic resonance that is studied in this thesis is sensing self-
assembled monolayers (SAMs), where molecules are absorbed on a surface and have a uniform
orientation. First, I developed protocols to form an SAM in the vicinity of the NV center. An
SAM with a spin label, i.e., a free electron, is measured with the NV, yet the signal is masked by
electrons native to the surface, highlighting the need to improve surface preparation. In addition,
the magnetic nature of the surface adhesion shown in CISS motivated the study of a chiral SAM
with the NV. A chiral SAM is formed on a 2 nm layer on alumina that is on the diamond and
magnetic fluctuations are shown to increase under the adsorption of the chiral monolayer. These
measurements can be used to model the CISS effect whose mechanism is not fully understood.

In a broader perspective, the two aspects studied here, namely nanoMRI and molecular surfaces,
can be combined. Together, one can image molecular surfaces and answer questions regarding

structure and composition with nanoscale resolution and ideally image such molecular surfaces.
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Introduction

Science is to the Objective

as Art is to the Subjective

LHSL

Surface science plays a central role in understanding systems ranging from two-dimensional ma-
terials and molecular monolayers to complex interfaces and biological membranes. A diverse array
of techniques have been developed to study and characterize the physical, chemical, and structural
properties of surfaces — including imaging methods and various forms of spectroscopy. Tradi-
tional techniques such as X-ray photoelectron spectroscopy* (XPS), Fourier-transtorm infrared
spectroscopy? (FTIR), scanning electron microscopy* (SEM), confocal microscopy, and atomic
force microscopy® (AFM) provide valuable insights into surface composition, molecular identity,
and morphology. However, each method is typically limited either by spatial resolution, the spe-
cific physical properties it probes or by the averaging nature of the detection, which often spans
micron-scale areas.

As surface science advances, increasingly detailed questions emerge: what is the precise arrange-
ment of molecules at specific locations, how are molecular orientations distributed across a surface,
and how uniform is a monolayer at the nanoscale? Conventional tools are not equipped to resolve
these features at the single-molecule or nanometer level. In response, new sensing technologies are
being developed”*? that exploit quantum sensors and molecular spin properties for highly local-
ized, non-invasive measurements. These emerging methods have the potential to transform our
ability to image, characterize, and manipulate surfaces with unprecedented resolution.

More broadly, studying science and technology at the nanometer scale and beyond has advanced



our understanding of the world and achieved technological leaps over the past few decades. We
have learned to study interactions and structures that occur at the nanoscale and influence macro-
scopic phenomena, from electronic devices to molecular interactions. A variety of techniques ex-
ist to probe nano-phenomena, each leveraging different fundamental properties, such as charge,
force, or light. Among the physical properties that can be exploited for nanoscale sensing, mag-
netic interactions offer a particularly valuable opportunity. Magnetism is of interest both from
the perspective of basic science and for technological applications. It can be used as a tool to study
nature, such as molecular structure in nuclear magnetic resonance (NMR), and it is a natural force
in and of itself that is of interest.

Several tools exist for nanoscale magnetometry, such as the superconducting quantum interfer-
ence device (SQUID) *°, magnetic force microscopy (MFM)'* and nitrogen-vacancy (NV) centers
in diamond. The choice of technique depends on the sample that is studied as each method has
specific advantages. SQUID microscopy uses a scanning tip, which works at low temperatures and
is utilized to scan nanostructures and measure the magnetic field. MFM combines atomic force
measurements with a magnetic AFM tip to detect the magnetic force between the sample and the
tip the sample surface.

The NV center is an atomic defect in diamond and can be used as a magnetic sensor 3. It has
several working methods - scanning tip where the NV is within a tip placed above the sample, nan-
odiamonds that are placed within a sample, or as a thin membrane surface where a sample is placed
atop it. Diamonds have many advantages for sensing - they are bio-compatible, they function at
both low temperatures and room temperature, they can be synthesized in a controlled manner,
and they provide high spatial resolution. Magnetic sensing using NV centers is the workhorse of
this work.

This thesis explores two key aspects of nanoscale magnetometry, each introduced in the sections
that follow. Sec. 1.1 presents nanoscale magnetic resonance imaging (nanoMRI) as a method for
spatially resolved magnetic sensing with nanometer precision. The principle of magnetic reso-
nance imaging is introduced, and existing approaches to nanoMRI are reviewed. The second topic
addressed in this work is sensing magnetic properties of molecular surface using the NV sensor and
is discussed in Sec. 1.2. Finally, Sec. 1.3 introduces chiral-induced spin selectivity (CISS), an effect
which couples spin to molecular handedness and is observed in a monolayer of chiral molecules.
The magnetic properties of a chiral monolayer are studied in this work with the NV sensor. This
introduction builds the motivation for the goals that conclude this chapter and are presented in

Sec. 1.4.

1.1 NANOMRI

Magnetic resonance imaging (MRI) is a form of magnetic sensing, and it has had a profound effect
on medicine today, giving humanity the ability to image a cross-section of the human body and
see what is inaccessible to the eye'#. It relies on the physics of magnetic resonance, the physics
that describes the response of a spin to a magnetic field, which can be modeled as a precession
of the spin probability at a natural frequency (see Fig. 1.1), known as the Larmor frequency, of
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Figure 1.1: Schematic of MRI principle. (a) A spin in the presence of a magnetic field can be described as a precession around
the axis of the magnetic, the rate, known as the Larmor frequency, isf = y]_B'. The figure is from “Spin Dynamics”, M. Levitt 8.
(b,c) Schematic of principle of MRI. (b) The spins in the sample are initially aligned according to an external magnetite field. A
gradient magnetic field is applied to the spins, shifting the local resonance of each spin. (c) An RF pulse that is applied and rotates
only the spins that are on resonance with the pulse, this selects a specific slice within the sample. Image from “Physics of MRI: A

primer”, D. B. Plewes and W. Kucharczyk *”.

A7) = y.B(F), where y, is the gyro-magnetic ratio of the detected species and B(7) is the magnetic
field . Detecting this frequency gives information about the chemical structure of the sample, in
NMR this is most often a liquid solution. Image reconstruction'®'” is achieved by adding another
step and applying a non-uniform magnetic field around the sample, such as the human brain.
With such a gradient in the magnetic field, spins at different locations in the sample will precess at
different rates, thus coupling frequency information to spatial information. Typically, in medical
devices, the gradient field is on the order of 1o mT/m.

Nano-MRI aims to achieve similar structural insight for samples at the nanoscale and down to
the single-molecule level. It has the potential to gain insight in the vast world of chemistry, biol-
ogy and physics where conventional nuclear magnetic resonance (NMR ) is limited by sample size '
and conventional MRI is limited by magnetic field gradients to the micron scale*°. A variety of
techniques exist in the field of nanoMRI, among them are - magnetic resonance force microscopy
(MREM)*, electron spin resonance using scanning tunneling microscopy (ESR-STM)**, a re-
cently published method based on electron spin resonance using atomic force microscopy (ESR-
AFM)?*? and the nitrogen-vacancy (NV) center in diamond.

In MREM force measurements detect the resonance excitation of the molecular sample, the
main limitation being the smallest detectable force which in turn limits the sample size. Mod-

ern cantilevers allow detection of about 10> molecules” with an impressive 10 nm resolution*#>5,



Additional gradients were applied by a focused planar device below the AFM tip, resulting in res-
olution better than 2 nm?*¢. Alternatively, in ESR-STM the sample is detected by its tunneling
interaction with the STM atomic tip”*7. ESR-STM is limited by its sensitivity and the type of sys-
tems that can currently be explored, future techniques which enable the indirect sample detection
are expected to advance this method. Both techniques, despite achieving significant milestones,
remain technically demanding, such that each new sample presents a unique set of challenges.

NV center-based magnetometry is a leading technique for magnetic resonance detection”-*%"3
and has advanced significantly from the initial work showing the potential ability to measure mag-
netic resonance'>. The NV is an atomic solid state defect in diamond that can be used as a magnetic
sensor due to its interaction with the environment combined with the ability to control and read
out its state. Experiments measuring nuclear magnetic resonance (NMR) signals with nanoscale
sample size detecting as few as 10* nuclear spins**3° have been reported. In these experiments,
the signal is integrated over all the spins interacting with the NV. The opportunity to resolve spa-
tial information, i.e., nanoMRI, by applying local gradients to N'Vs, was not overlooked and was
demonstrated by Grinolds et al.>* In this work, a ferromagnetic tip was placed in the vicinity of
the NV to induce strong gradients and enable nanoMRI. The subnanometer resolution achieved
is impressive, yet its Achilles” heel lies in the arbitrary direction and permanency of the magnetic
field of the ferromagnet. The NV center possesses a natural symmetry axis determined by the di-
amond lattice and the orientation of the defect. This axis defines the system’s eigenstates in the
absence of an external magnetic field. However, when magnetic fields are applied at an angle to
this axis, the eigenstates are mixed, leading to a substantial reduction in readout contrast**— to
the extent that sample detection becomes impractical. Consequently, there remains a strong need
for robust techniques in nanoscale MR1.

Current-induced magnetic fields provide an opportunity to overcome this challenge. The Biot-
Savart law (Eq. 3.2) tells us that a current running through a wire will induce a magnetic field
around it. Such a current can be used to control the magnetic field, by switching it on and oft
throughout the experiment - thus avoiding the detrimental off-axis fields that hinder NV sensing.
In this way, we can have a strong gradient that will not hinder the NV contrast, and imaging will

be practical.

1.2 MOLECULAR SURFACE AND SAMPLE CHALLENGES

ESR (electron spin resonance)? is afundamental tool used to study molecular structure and chem-
ical composition. Similar to such studies using ESR on macroscopic samples, this interaction can
be used to study molecular structure and properties at the nanoscale using the single NV asa MR
sensor. Studying spins external to the diamond with magnetic resonance tools is an ongoing pur-
suit in quantum sensing with single NVs. In contrast to proof of concept detection within the
diamond, studying external spins utilizes the NV sensor a tool to examine new scientific realms

To achieve this, the sample must be placed in close vicinity to the NV center, since the dipole-



dipole?#35 interaction decreases with »° (Eq. 1.1).
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Eq. 1.1 describes the dipole-dipole interaction where y,,, is the gyromagnetic ratio for the i-th
electron (NV), Sy is the spin of the i-th electron (NV) and r is the vector connecting the sample
electron to the NV. For a field aligned with the NV, this term can be written as

lu 751’)/ hz
H= —Z%(:SCOSZL%_NV—I) (1.2)

Detecting external electron spins has been demonstrated in several works, some examine elec-
trons native to the diamond surface?®, others study electrons from a polymer layer that was spin
coated on the diamond?7-**. Direct chemical bonding to the diamond was demonstrated by Grotz
et al.3*, where the diamond surface was boronated, followed by silane chemistry as a linker to a
free radical. An alternative surface modification allowed amine bonds on the surface, which were
leveraged for nuclear sensing?®. However, functionalization of the diamond surface is challeng-
ing*>#', may suffer from low efficiency+* and it is not clear it forms a uniform monolayer struc-
ture*. A variety of chemical terminations are native to the diamond surface, and all these affect
the NV centers. Particularly, some attract charge states on the surface*. These challenges have
led to an alternative route to direct bonding where a thin alumina layer is deposited on the sur-
face and a monolayer is created on the oxide*. NMR sensing was demonstrated on this surface
using ensembles of NV which provide resolution on the micron scale*>®°. Increased resolution
down to nanoscale magnetic resonance (MR ) sensing is of interest and can be achieved using single
NV centers*®. However, sensing surfaces with single N'Vs presents distinct challenges compared to
ensemble-based approaches, primarily due to the lower signal-to-noise ratio. In ensembles, the col-
lective response of multiple NV centers enhances the overall signal, whereas single NV sensing re-
quires strategies to maximize signal strength. Consequently, minimizing the NV-sample distance
is crucial. Developing novel molecular adhesion techniques will expand the range of detectable
molecular samples, specifically with different chemical terminations. Furthermore, demonstrat-
ing the detection of electron spins attached to the diamond surface but separated by a bonding
layer will contribute to advancements in nanoscale MR sensing.

1.3 CHIRAL INDUCED SPIN SELECTIVITY

Chiral-Induced Spin Selectivity (CISS) refers to the phenomenon in which electron spin becomes
coupled to molecular chirality+7, leading to spin-selective transport through chiral organic molecules.
This effect is typically observed in systems where chiral molecules form a self-assembled monolayer
(SAM) on a substrate, resulting in a uniform molecular orientation. It has been demonstrated that
when electrons pass through such a monolayer, their transmission efficiency depends on the align-

ment between their spin and the molecular chirality. In this context, the chiral molecule behaves as
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Figure 1.2: Figure from Gohler et al.#’. (a) Schematic of the experiment measuring spin polarization of photo-emitted electrons
transmitted through a chiral monolayer. Polarized light excites electrons from a gold substrate, the excited electrons have a specific
polarization defined by the light. They then travel through the layer of chiral molecules and their polarization is measured at the
other side (b). Measurements of the polarization of electrons after passing through the organic chiral monolayer for three different
initial light polarizations. The measured polarization is independent on the initial polarization of the electrons (as determined by

the excitation light) and depends on the molecular chirality.

a spin filter, preferentially transmitting electrons whose spin orientation matches the handedness
of the molecule.

Early experiments*+*+ uncovered the phenomena when observing the effect of chiral molecules
on electron transport. In these experiments, photoexcited electrons were transported through a
mono-layer of chiral molecules (double-stranded DNA) and the polarization of the electrons was
measured. It was shown that the after the chiral monolayer the electrons have a preferred polar-
ization and that this depends on the chirality of the mono-layer (see Fig.1.2). In a second exper-
iment’°, a transport measurement was conducted for a current going through a chiral molecular
layer adhered to a ferromagnet (FM). It was shown that the current strength depends on the align-
ment of the ferromagnet with the handedness of the chiral molecules.

Other experiments examined the effect of chiral molecules on surface magnetization. One such
experiment demonstrated " that chiral molecules adsorbed on a ferromagnetic surface can control
the magnetization of the ferromagnetic. The molecules adsorbed on the surface dictate the polar-
ization of the electrons on the surface, and due to the chirality, there is a preferred spin direction
according to the handedness. This, in turn, determines the magnetization of the ferromagnet in
the region below the polarized molecules, shown schematically in Fig. 1.3(b). A second experi-
ment’* achieved magnetization in a non-magnetic structure composed of chiral molecules above

a semiconductor hosting a two-dimensional electron gas (2DEG). A voltage was applied between
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Figure 1.3: Schematic CISS mechanism from Naaman et al.>*. (a) Schematic coupling between the electron transport to the
molecular handedness where the molecule applies an effective magnetic field and interacts with the electron spin such that a

specific spin orientation is preferentially transported. (b) Schematic coupling between the molecular handedness to the spins in

a ferromagnetic surface.

the molecular layer and the 2DEG, which polarized the molecules and there was a charge transfer
across the layers. It is thought that the charge transfer is spin-polarized according to the chirality.
In turn, the semiconductor acts as a ferromagnet with the magnetization dictated by the chirality.
Absorption of chiral molecules on a ferromagnet was studied with NV center ensembless?. It was
demonstrated that the molecules induce a magnetization in the layer, and the direction depends
on the direction of the chirality and the tilt angle of the monolayer.

These experiments paint a picture of the properties and interactions of the chiral molecules. In
the transport experiment, the chiral molecule couples the spin orientation to the velocity, elec-
trons with the “correct” spin orientation have a higher probability of transferring through the
molecules. To explain the experimental results, the electron transport through the chiral molecule
can be described as an effective magnetic field that depends on the handedness of the molecule and
interacts with the spin. Spins with the preferred direction are stabilized and so their transport is
promoted while spins with opposite direction are more likely to back scatter and their transport
is suppressed s+, shown schematically in Fig. 1.3(a)5*. In the surface measurements, where chiral-
ity induces magnetization there is a coupling between the spin polarization in the surface and the
chirality

This understanding, however, does not give a precise description of the phenomena and does
not provide quantitative predictions, as such there are still open questions regarding the funda-
mental mechanism 5547, To overcome this gap several theoretical approaches were taken 565758596061
yet there is no consensus as to the precise description. Some of the schemes describe a centripetal
forces+ on the electron as it travels through the chiral molecule, this relates the chirality to the an-
gular momentum of the electron. Many models assume that such interactions involve spin-orbit

coupling (SOC)#. Yet the calculations of the SOC for such organic molecules give low values,



on the order of few meV 582

. This leaves the question as to how the interaction is strong, reflect-
ing an effective strong SOC (on the order of hundreds of meV®?), even though the SOC of the
molecule is weak. Thus, the strength of the SOC remains one of the open questions regarding
chiral molecules. One direction suggested is that the source of the strong SOC is orbital angular

2,64 'This motivates new measure-

momentum of the electrons which come from the metal surface
ments that observe CISS from different perspectives and can promote a more precise mechanism

describing the interaction.

1.4 RESEARCH GOALS

In this work I use NV centers for nanoscale magnetometry to approach the following advances in

the field:

1. nanoMRI. I aimed to develop a methodology that will allow nanoMRI and overcome the
existing limitations. As such I developed a scanning electromagnetic tip that is incorporated

in the NV setup. I aimed for the device to meet the following requirements:

* Strong gradient. The gradient required was one that can differentiate electrons spaced

at a distance of 1 nm, for that we required a field gradient strength of 1 pT nm™".

* Controllable within the time frame of NV detection. The switching time of the
current on and off must allow for NV pulse sequences, thus it must be significantly
less than the 77 time of the NV, which is on the order of 1 ms.

* Controllable in space. The magnetic field can be moved in spaced and allow one to
localize the field around a specific NV.

* Withstand current. The device must carry a current that is strong enough to induce

the required magnetic field without overheating.

2. Measuring a spin-labeled monolayer. The possibility of studying surfaces with single N'Vs
will allow nanoscale characterization of molecular self-assembled monolayers. As such, I

aimed to:

* Develop a method for creating a SAM on the diamond surface and label the surface

with free radical spin labels.

* Measure the signal from the free radical using a single NV. This would be a proof of
concept for sensing molecular monolayers labeled with a spin radical with the NV.

3. Observing CISS with the NV. In this work I examine CISS in a noval manner, specifically
withoutintroducing a current or a magnetic material. Moreover, the detection method used
is sensitive to magnetic noise, which has yet to be probed. Examining the phenomena from
a new perspective can shed light on the fundamental physics governing the interaction. As
such I aimed to:



* Measure the magnetic fluctuations included by the chiral mono-layer and detected by

the NV using relaxometry and dephasing methods.

Together, achieving these goals present an advancement to the field of nanoscale magnetic reso-

nance sensing and open new avenues for future research.



NV physics

If I have seen further it is by standing on
the shoulders of giants

Isaac Newton

1675

The NV’s combined properties make it a practical choice for sensing. In general, a sensor re-
quires interaction with the field that is being sensed along with the ability of the user to interact
with the sensor and stability relative to noise external to the field being sensed. The NV interacts
with the magnetic and electric fields in the environment, can be read out optically, and is stable for
time scales that allow both the interaction and read-out. In addition, it is stable at room temper-
ature, and being an atomic defect, it has a natural nanometer sensing scale. In this work the NV
center is used at room temperature for sensing magnetic fields with nanometer spatial resolution.
This chapter has three parts: First, I describe the basic physics and literature regarding NV centers
that is relevant for this work. In the second part, I discuss basic sensing methods, and lastly details

regarding the NV sensing setup are presented.

2.1 PHYSICAL PROPERTIES

2.1.1 NV PROPERTIES

The NV is an atomic defect in the diamond lattice, where a substitutional nitrogen atom replaces
a carbon atom and there is an adjacent vacancy site® (figure 2.2(b)). It can exist in two different

charge states®, negative (NV ™) and neutral (NV°), the negative state is used for sensing and unless

I0



(b)

—
[}
-

Photoluminescence spectrum

630-800
638 nm coonm -

| | | |
500 600 700 800 900

Wavelength (nm)

Luminescence intensity

Figure 2.1: NV structure and emission. (a) NV emission spectrum showing the zero phonon line for the two charge states and
the broad emission spectra, plot from Schirhagl et al.** (b) The diamond lattice with a nitrogen replacing a carbon and an adjacent

vacancy (figure from Rondin et al.®°).

stated otherwise is referred to here as simply NV. The NV~ state consist of six electrons®’, three
from the vacancy dangling bonds, two from the nitrogen substitution, and one that is assumed
to be sourced from the diamond lattice, possibly a P1 center (nitrogen substitution). The two
charge states also differ in their fluorescence spectra and specifically in the zero-phonon-line®,
which is 2 = 637 nm for (NV~) and 2 = 575 nm for (NV"), see Fig 2.1(a). Although the defect
exists in nature, for sensing purposes it is preferable to fabricate the diamond to control for purity
and defect concentration. In a common route®, the diamond is fabricated by chemical vapor
deposition (CVD), and a controlled implantation of nitrogen ions creates defects in the diamond.
This is followed by high-temperature annealing (ranging from 600°C to 1200°C), which allows
the mobility of the vacancies; if they are adjacent to a nitrogen, an NV center can be created. The
implantation energy dictates the depth of the centers in a statistical manner which can be calculated
using stopping and range of ions (SRIM). The density of implantation is controlled to create either
single NVs, which can individually be addressed optically, or an ensemble of NVs where many N'Vs

are addressed optically simultaneously.

2.1.2 THE NV HAMILTONIAN

The defect energy diagram (Fig 2.2 consists of a ground and excited electronic states that are iso-
lated from the diamond lattice energy states and each consists of a spin triplet state. Within each
triplet, there is a spin |0) state and two degenerate spin |+1) states that are separated in the pres-
ence of a magnetic field via Zeeman splitting. The Hamiltonian®7° describing the NV magnetic
interactions is

H = DS? + y,B0S. + 7,(B.S, + B,S,) + Y _ AS:d; (2.1)

i

where D = 2.87 GHz is the zero field splitting, S; = fio; are the spin operators where o; are the
Pauli matrices, 7, ~ 27 - 2.8 MHz-G™ is the gyromagnetic ratio and 4,; is the hyperfine coupling
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to an external spin /;. Additional terms describing electric field interaction, strain and temperature
are not included here”". For the case when B, , < D £ B, the NV eigenstate is parallel to the NV

A
| + 1)
0 IDeS = 1.42 GHz
ISC — non radiative
5.5eV £20
225.4nm nm |s)
| + 1) | 2]/B||
0 Dys = 2.87 GHz
0
v

Figure 2.2: NV Energy levels. Energy diagram of the N-V center within the diamond lattice. The N-V states are isolated from
the valence and conduction band. The degeneracy in the spin |1+1) state is lifted when a magnetic field is applied. Off-resonance
excitation at 520 nm excites the system, which then decays in two paths - radiative spin conserving decay (red arrow) and non-
radiative non spin conserving to the singlet state (black arrows). The excited state’s spin |41} are partially coupled to the singlet

state while the spin |0) state is weakly coupled.

«_»

axis defined as“z” and the states will be = [0, 1) . The |0) to |1) transition acts like an effective
two-level system that can be manipulated by microwave (MW) pulses. The qubit can be described
using Bloch sphere notation where the two poles are the |0) and |£1) states, see Fig. 2.3. Rabi*®
oscillations (Eq. 2.2) are observed when applying MW at the resonance frequency w, = D + B
of the transition between the |0) and |£1) states. The Rabi transition probability for an applied
MW field B,,,, = B cos(wt)

2 Q
PRabi = % Sil’lz(El) (Z.Z)

where w; = yB, is the amplitude of the applied MW and Q = /Aw? + o} where Aw = w — wy is
the difference between the applied frequency to the resonance frequency.
2.1.3 QUBIT RELAXATION

The NV is characterized by two types of relaxation’s - longitudinal 7; relaxation and transverse
T, dephasing. When depicting the spin state on the Bloch sphere, 7; describes shortening of the
projection on the z axis and is typically on the order of 1 ms (at room temperature). In the world of
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Figure 2.3: Bloch sphere view of Rabi driving showing the NV state as a red arrow rotated from the |0) state to the |1) state

and returning to |0} as a function of the time the pulse is applied.

NMR, where there is a macroscopic spin bath, this rate describes the return to the thermal equi-
librium of the bath due to “spin-lattice-relaxation”. A similar thermal equilibrium exists for single
NVs and particularly due to ergodicity; sampling a single NV many times is statistically similar to
probing many spins all at once. The dephasing time, 7, describes the loss of coherence in the x-y
plane in the bloch sphere, the typical time scale is 1—10 ps and this can be extended using dynamical
decoupling pulse sequences”>73. Each NV is characterized by its local environment, particularly
defect centers such as *C and P; centers (nitrogen substitution lattice sites). This dictates the co-

herence time of the specific NV center.

2.1.4 OPTICAL CONTRAST

The ground and excited orbital states can be optically probed via photon excitation and emission 7.
When illuminated with off-resonance green laser light, the system is excited from the ground level
in a spin-conserving manner. The system can then decay either via fluorescence in the red spec-
trum to the ground state or in a non-fluorescent manner via an inter-system crossing (ISC) to
a singlet state, see Fig2.2. The non-radiative decay to the singlet state is more probable for the
|+1) state compared to the |0) state due to the difference in coupling between the triplet to sin-
glet states7+3>75. This results in less fluorescence of the |£1) state compared to the |0) state which
allows one to differentiate between the two states via optical detection of this fluorescence . An
example of the time trace detected from the two states is shown in Fig. 2.4.

The contrast between the two states is at the core of the read-out of the NV spin state. The nat-
ural basis for spin contrast, |/°) is defined by the lattice and is along the N-V axis, this direction is

«,_»

denoted as “z”. DC magnetic fields that are parallel to this axis split the [+1) and |—1) states in the

«€,_»

z” basis, as defined by the zero-field splitting D,. Yet, perpendicular magnetic fields cause state
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mixing, and if they are strong enough, will cause a decrease in the read-out contrast**. Follow-
ing Tetienne et al., a seven-level system can be used to calculate the contrast as a function of the

magnetic field C(B) from Eq. 2.3
R(0) — R(1)

“® R0

(2.3)

where R(0), R(1) is the photoluminescence rate from the |0),|1) state respectively. These rates can

be calculated in the mixed bases according to Eq. 2.4

R(B) =7 Z Z niksy (2.4)

where 7 is the collection efficiency, 7 is the steady state population and k; is the transition rate from
state |7) to |j). The transition rates for the natural basis, £, , were found experimentally yet under
a perpendicular magnetic field the eigenstates are mixed and the rates are calculated according to

the new eigenstates, Eq. 2.5
7
) =D a(B)|) (2.5)
7=l

where |7) are the mixed states due to the field B and «;;(B) are the coefficients relating the natural

states |/°) to the mixed state and can be calculated by diagonalizing the Hamiltonian including the
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Figure 2.4: The time trace of the fluorescence of the two states |0) and |41). Photons are accumulated over many repetitions
and combined to form the time trace. The black dashed lines mark the measurement window and the red dashed lines mark the
reference window. In this example the pulse sequence was repeated roughly 8 - 10° times and the data was collected for roughly

5 minutes.
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Figure 2.5: NV contrast for vector magnetic field. NV contrast calculated as a function of the magnetic field strength perpen-
dicular (B,) and parallel (B,) to the NV. The bright regions have good contrast for sensing while the dark regions have low contrast

deeming it less useful for sensing magnetic fields.

off-axis terms B..S, and B,S,. The new transition rates are then Eq. 2.6

7
ki(B) = ) el A, (2.6)

=1 g=1

The population in each state, , that appears in the rate equation is calculated by solving the steady-
state rate equation

dn; z
= = Z(Ieﬂ-nj — kyn;) (2.7)

=1

Using these equations, the NV contrast as a function of magnetic field is calculated and presented
in Fig.,2.5. The results show that magnetic fields applied perpendicular to the NV axis significantly
reduce the photoluminescence contrast. This sensitivity to off-axis fields is exploited to align the
magnetic field with the NV axis. A permanent magnet is mounted on a movable stage and scanned
across the area above the NV center. By recording the photoluminescence at each position, the
point of maximum emission is identified. This corresponds to the optimal alignment, where the

magnetic field is parallel to the NV axis and transverse components are minimized.
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2.I.§ SINGLE EMITTER

The NV center is an atomic defect and if isolated such that an individual center is addressed op-
tically it acts like a single photon source and can be characterized by the correlation function

4'9(#)7%77. The correlation function is given by

(£(2))*
) Py(2]0) (2.8)
Pi(0)

where P,(7]0) is the conditional probability to detect a photon at time # = 7 given a photon at time
t = 0 and P,(0) is the single-photon detection rate used for normalization. The g (¢) function
is used to characterize a light source. For classical light ¢* (¢) > 1 since the photon arrival time is
uncorrelated, yet for single emitters, antibunching is observed and ¢® (#) < 1 since the observation
of a photon at time ¢ = 7 is correlated to the previous time. The correlation at zero delay”®, 7 = 0

is related to the number of emitters z and follows
gr=0)=1-- (2.9)

Thus, for a single emitter we expect ¢'¥(0) = 0. In practice, it does not fall to zero due to noise
which allows a second photon to arrive that is not from the emitter. A value of ¢¥(0) < 0.5
indicates a single emitter, while a higher value indicates the possibility of two or more emitters, ac-
cording to the specific value measured. The bunching effect describes ¢ (#) > 1at non-zero delay
times and is evident in correlation measurements. This indicates a shelving effect”® and depends
on laser power, where a minimal three-level system is used to describe the rate equations, and the
decay has two pathways, one direct to the ground state and the other via an intermediate meta-
stable state. In the NV system the direct path is the spin conserving decay from the excited spin
triplet to the ground state triplet and the shelved state is the singlet state where an ISC crossing is
involved. The correlation can then be fit to the function

g(z)(t) =1—fBexp(—y,t) + (8 —1) exp(—y,t) (2.10)

Where y, and y, are related to the transition rates, the full relation is shown by Berthel et al”®. An

example of the correlation measurement is shown in Fig. 2.6.

2.2 SENSING SCHEMES

A general sensing scheme has three parts - initialization, spin manipulation, and readout. First, a
well-defined spin state is achieved; this is followed by an interaction phase with the environment
and is accompanied by MW pulses to the sample and the NV that modify the interaction. Finally,
the spin state is read out. Different pulse sequences are used to sense different fields according to

the frequency and bandwidth that is being sensed.
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Initialization is achieved by cycling the spin state between the orbital ground and the excited state
by optical pumping”®. Here, thisis achieved by continuous illumination with a 520 nm green laser.
This excites the system from the ground to the excited state in a spin-conserving manner. Decay
from the |0) excited state will return to the |0) ground state with high fidelity, yet decay from the
|+1) state may undergo an intersystem crossing (ISC) to the singlet side-band which is coupled to
the ground |0) state. In this way, continuous cycling between the ground and excited states will
statistically initialize the system to the ground state with spin |0). There are generally three decay
pathways: induced fluorescence, spontaneous fluorescence, and spontaneous non-radiative decay
by ISC. Initialization in this method can also be achieved with a pulsed green laser® by repeating
short laser excitations on the order of 5 ns each. Using the pulsed laser reduces the induced fluores-
cence and leaves only two pathways for decay, raising the probability of the ISC and so increasing
the rate of initialization and reducing the total laser power used. Using the standard polarization
process with CW laser, the NV is initialized with roughly 9o% fidelity7+*'.

The readout process is the stage where the spin state of the NV qubit is determined after the
interaction with the environment. The simplest way to implement this leverages the ISC, as de-
scribed above, and results in spin-dependent photoluminescence where statistically the |0) state

emits more photons than the |1) state (Fig. 2.4). During the readout stage, the system is illuminated
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Figure 2.6: Correlation measurement demonstrating a single NV, the correlation at time # = 0 falls below 0.5 demonstrating

anti-bunching, while the correlation at later time shows a bunching effect whereg(z) (¢) is greater than 1.
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with continuous off-resonance 520 nm green laser and the fluorescence is collected and accumu-
lated to create a histogram of the counts that arrived per time bin during the read-out. The final
signal is the mean number of counts collected within a defined window (see Fig. 2.4), it is often
normalized relative to the steady-state photon counts as in Eq. 2.11. The error bars for the signal
are calculated from the photon counts from the NV time trace collected during the read-out and
is shown in Eq. 2.12.
t;,/N
g X/N (2.11)
Z 7; /M
where 7, and 7, are the photon counts at time 7 and N and A1 are the total number of bins in the

signal and reference, respectively. The error for the signal is the propagated error

> u/N 1 N 1
M\ Y S

(2.12)

This method is not a single shot readout®>?*

, and so the full pulse sequence must be repeated
many times since in each repetition few photons are emitted, and this is not enough to determine
the NV state. Other read-out methods exist, for instance, excited state read-out®3, resonance read-
out, and spin-to-charge conversion®+. These require advanced pulse sequences and additional laser
illumination at different wavelengths. At times these are advantageous if single-shot readout is

required.

2.2.1 SPIN MANIPULATION PHASE

During the spin manipulation stage the NV interacts with the environment and MW pulses are
applied to control this interaction. The interaction of the NV with magnetic fields in the environ-
ment is seen in the Hamiltonian in Eq. 2.1. The NV is sensitive to magnetic fields in three main
frequency ranges - DC, MHz and GHz, where the precise range depends on the pulse sequence
applied. Sensing DC magnetic fields can be achieved using a Ramsey or ODMR pulse sequence,
see below. Both are sensitive to the magnetic fields parallel to the NV axis and detect the change in
the qubit Larmor frequency. Coherent AC magnetic fields can be detected in the range of a few
MHz, depending on the coherence time of the NV. Advanced pulse sequences have shown sub-Hz

resolution 85-8¢

, while methods that are simpler to implement can achieve kHz resolution**3°. The
NMR signal from spins that precess under the influence of a magnetic field have a coherent AC
signal and as such these sensing schemes are practical for detecting the NMR signal such as carbon
in the diamond or hydrogen external to the diamond®”*%%. In addition, noise spectroscopy can
be used to detect fluctuating magnetic fields. In this case, the decay rate of the NV is measured as
it is sensitive to noise in the environment and both the decay time and the power law indicate the

physics of the environment®°.
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DC SENSING SCHEMES

A Ramsey (known as free inducting decay, FID, in the NMR community) pulse sequence is shown
in Fig. 2.7(c). After initialization to the state |¢) = |0) the qubit is rotated to the equator |y) =
2(10) + [1)) using a Z-pulse. The state then evolves freely under the influence of the external field
that is perpendicular to the x-y plane. Finally, a second Z-pulse projects the spin back to the z-axis
for read-out (expanded details in Appendix A.1). In this manner, the qubit accumulates a phase
that is proportional to the detuning between the external field to the frequency of the applied Z-
pulse and DC shifts in the magnetic field parallel to the z-axis are measured. The decay time in the
measurement is known as 73; it is due to low-frequency noise and related to inhomogeneities in
the magnetic field 5.

In ODMR (alternatively known as electron spin resonance or ESR), Fig. 2.7(b), the DC mag-
netic field that is parallel to the NV axis, B is detected. After initialization, a z-pulse is applied
with varying frequency, B = Bj cos(wz). If the pulse is on resonance with the qubit transition,
w = wy = D =+ yB, the spin state will flip, |¢) = |1), according to the Rabi transition probability,
Eq. 2.2. Theresulting curve is fit to a Lorentzian®*?*, and the resonance frequency is deduced from
the central dip. For an MW pulse with low power (equivalent to a long time), the broadening??
is due to the dephasing time Af = T} and can be extracted from the FWHM (full width at half
maximum). When power broadening is significant, the curve is fit to a Gaussian, which accounts

for additional noise sources.

COHERENT AC SENSING

A Hahn echo pulse sequence can be used to detect AC signals®+ and extend the coherence time
to T, an order of magnitude longer than 7. In this sequence, shown in Fig. 2.8, the spin is ini-
tialized to the |¢) = 2(|0) + [1)) state and after half the evolution time, Z, an additional z-pulse is
applied, followed by a second evolution time Z. In this manner, low-frequency noise is canceled
in the second half of the evolution, and only fast oscillations influence the qubit and are detected.
More advanced pulses®%*?, such as XY-8-n shown in Fig. 2.8, can be used to achieve better noise
cancellation and result in a narrow bandwidth filter that is used to sense a specific desired AC sig-

nal. A coherent AC signal is detected as a dip in the echo signal when the evolution time matches
27(2k—1)
2wp,i+A4
is the order of the resonance, w; , is the Larmor frequency of the detected (nuclear) spin and 4 is

the inverse of the frequency®®, 7 = , where 7 is the inter-pulse time as shown in Fig. 2.8, k

the parallel component of the hyperfine interaction.

DETECTING AN ELECTRON SIGNAL

Electron spins are commonly detected with two pulse sequences where additional pulses are ap-
plied to the detected electron. The first is known as a double-electron-electron-resonance (DEER)
sequence, where a Hahn-echo sequence is applied to the NV, and an additional z,-pulse is applied
to the external electron spin. The frequency of the 7.-pulse applied to the auxiliary electron spin

is swept and when on-resonance with the auxiliary spin, it will be flipped. This will change the
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Figure 2..7: Pulse sequences for DC sensing. (a) ODMR pulse sequence where a MW pulse is applied and the frequency of the
pulse is scanned. If the pulse is on resonance with the transition the state is flipped. (b) An example of a ODMR measurement
fit to a Gaussian f = A4 exp(— = f‘)) ), where f; = 2.13 GHz, equivalent to a magnetic field of B = 286(G) parallel to the NV

axis. (c) Ramsey pulse sequence, the spin state evolves on the equator and acquires a phase proportional to the magnetic field.

(d) An example of a Ramsey measurement, the data is fit to a double sine (see Appendix A.1), where the two frequencies fit are

f1 = 1.8 MHz andfz = 4.77 MHz. Note that the Ramsey and ODMR measurements that are shown here are done at different

magnetic fields.
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Figure 2.8:

(top) A Hahn-echo pulse sequence where a 7-pulse is applied after half the interaction time 7/2 and refocuses

the spin. (bottom) Dynamical decoupling pulse sequence, XY-8-n, where a sequence of alternating z-pulses is used to detect a

specific signal.

20



T T T T
- - T - -
s T3 w . s w uw )
NV Initialize | 2 > Read-out NV Initialize > 2 || 2 > Read-out
sample
' p - sample ¢
spin spin

(a) (b)

Figure 2..9: Pulse sequence used to probe electron spins by the diamond. (a) DEER sequence where a “Hahn-echo” is applied to
the NV and a 7-pulse is applied to the sample electron spin with varying frequency. (b) DEER-7 sequence where a “Hahn-echo”

is applied to the NV spin and a resonance MW pulse is applied to the sample electron spin with varying length.

phase accumulated by the NV and is detected as a drop in the NV contrast?+, Fig. 2.9(a). This can
be thought of as a detection of the electron’s magnetic field, the Hahn echo sequence cancels the
phase from noise due to AC fields, but due to the 7,-pulse the electron field is not canceled since
its direction was flipped as well and so the contrast decreases. Here, the coherence time of the free
electron must be longer than the NV coherence time, 75, or the NV will not have time to accumu-
late phase from the electron interaction. The 7,-time used for the electron is assumed to be equal
to the 7y -time of the NV electron. A “DEER-7” measurement follows the DEER measurement.
Here, an MW pulse at varying lengths is applied to the auxiliary spin at the frequency detected in
the DEER sequence, Fig. 2.9(b). This is equivalent to Rabi nutations applied to the electron spin.
For this, the relaxation time, 7; of the electron spin must be longer than the NV interaction time.
Electron spin sensing differs from nuclear spin sensing in its frequency range, which in turn
dictates the pulse sequences used to study them. Additionally, the information one can obtain
from the electron spins differs from nuclear spins, as demonstrated in the vast literature on electron
paramagnetic resonance®” (EPR) research. The electron interaction with the NV is determined by

the dipole-dipole interaction 3+35

‘u }/51'7/ hz N R
H= _Z 04;Z'|}i\|]? (3(SNV'V)(SM"V) _SNV'Se,z') (2..13)

where 7, ; (7,,) is the gyromagnetic ratio for the i-th electron (NV), Sy is the spin of the i-th
electron (NV) and 7 is the vector connecting the sample electron to the NV. For a field aligned

with the NV, this term can be written as

‘L{ yfl‘y hz
H= —Z%(Scosz br—nv — 1) (2.14)

For a single electron, the signal will appear as oscillations at the interaction frequency >#9%3¢. Yet,
in the more general case where there are many interacting electrons, the oscillations will sum to an
exponential decay. In the midrange case where there is a single electron dominating the interaction,
this oscillation may be apparent above the general decay?+.
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NOISE SPECTROSCOPY

Measuring noise spectroscopy gives insight to the random magnetic fluctuations in the NV envi-
ronment*®. This is in contrast to coherent detection where a known frequency is probed. The
NV is sensitive to magnetic fluctuations in three main frequency ranges - kHz, MHz and GHz,
where the response depends on the filter function dictated by the pulse sequence. The phase ac-
cumulated by the NV is a convolution between the filter function of the applied pulse sequence,

Y(w), and the spectral density of noise, S(w), as described in Eq. 2.15*%77:

20 =2 [ pstirie)ds (2.15)

In 7, dephasing spectroscopy, the coherence of the spin state is probed*®, where |£) = 1(]0) +
11)). This method is sensitive to fields that are parallel to the NV axis. For a 7, pulse sequence
(Fig. 2.10(a), same as Hahn Echo) the filter function is?*°

or |2

12
sin 4

Y(w) = % (2.16)

4
4

where w is the frequency in question and ¢is the evolution time. Thus, T, sensing can be tuned by
setting the time steps #, and limited by the coherence time of the NV. The noise detected is in the
MHz range, as shown in Fig. 2.10(b).

In T; relaxometry (Fig. 2.10(a)) the qubit is sensitive to frequency components that are on res-
onance with the level splitting, i.e., the |0) to |+1) transition which is defined by the external mag-
netic field f = D + yBj and is on the order of GHz. For this pulse sequence, the filter function
is?3:

1 T
P 1% + (0 — wr)?|

Y(w) =

(2.17)

Here T = %2 and w; = 27f = D =+ yBj. Here, the center is defined by the Larmor frequency
and is generally in the GHz range while the width is defined by T' = %2, typically on the order of
T; ~ 1us, shown in Fig. 2.10(b). Several studies have demonstrated these sensing techniques to
gain insight at different systems such as noise from ferritin molecules®*'°°, ion concentration in

I0I

cells using Gd ions'** and properties of 2D materials '**.

2.3 THE NV SENSING SETUP

The experimental setup used for NV sensing is described below. The heart of the setup is the
diamond itself. The manipulation is achieved with MW pulses and optical excitation and readout
which are all synchronized electronically. The full experiment is controlled with an open source
software, QuD7 ", which was adapted for this work.
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Figure 2.10: (a) Pulse sequences used for noise spectroscopy. (upper) A Hahn echo sequence, or 75, detects decoherence in the
phase. (lower) Relaxometry, or 77, the sequence is used to measure magnetic fluctuations in the GHz range. (b) The filter function
of the noise spectroscopy for the Ty and T, pulse sequences as shown in Eq.2.17 and Eq. 2.16. Each function is characterized by

its center and width, as seen in the figure.

2.3.1 DIAMOND PREPARATION

Several diamonds are used in this work, all are designed for single NV sensing. Assuch, the nitrogen
implantation is such that the density allows for optically addressing single NVs and the implanta-
tion energy is either 5 keV or 10 keV, resulting in shallow N'Vs (less than 10 nm, from SRIM). The
diamond is patterned to have pillars for improved optical collection*+. The pillars have a circular
flat region at the top with a diameter of roughly 0o nm - here samples can be placed in the vicinity
of the NV. The pillars are set in a grid formulation with markers between the grids. In this way, a
specific NV can be identified, and repeated experiments can be done on the same single NV. An
SEM image of a typical diamond is shown in Fig. 2.11 showing the dimension of the grid array and
of the pillar.

The surface properties of the diamond are of importance to sensing, as they affect charge state
stability and noise in the environment. The diamond surface is cleaned to remove organic residues
and remove graphitic carbon and improve the coherence time of the NV+#4. The cleaning is done
with tri-acid boiling*®s which combines nitric, perchloric and sulfuric acids, where the diamond

is placed in the heated solution for several hours.

2.3.2 MICROSCOPE STAGE

The Attocube CSFM (see Fig. 2.12) combines confocal and AFM capabilities by incorporating a
sample stage along with optical access from below and tuning-fork AFM control above the sample.
It includes four stages - sample (xyz), AFM tip (xyz), magnet (xyz), and objective (z). Each stage is
controlled by piezoelectric motors, which have a stick-slip motion for coarse motion and have an
encoder to read out the location of the stage. In stick-slip motion a saw-tooth voltage is applied to

the stage at a frequency up to 1 kHz. The input voltage must be strong enough to move the stage,
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Figure 2.11: SEM image of diamond (top) Large area showing a pillar array and the markers between the arrays. The distance
between the markers is measured and is 50 um. (bottom) High magnification image of pillar array, showing the flat area at the

top of each pillar and the diameter of the pillar is 560 nm-650 nm and the distance between pillars is 2.5 pim.
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the values applied are between 20 V to 40 V. The range of the scanners along each axis is 15 mm.
Fine motion is incorporated only for the AFM tip scanner and it allows the application of a DC
voltage which elongates the piezoelectric stage in proportion to the applied voltage. The range
enabled is 20 pm in x,y (parallel to the sample plane) and 4 pm in z.

2.3.3 OPTICAL MICROSCOPE

The NV sensing setup consists of an optical confocal microscope used for imaging the diamond
and qubit initialization and readout, see Fig. 2.13. A 520 nm laser is focused to an optical fiber
intended to achieve a gaussian beam. The output of the fiber is focused on to an objective which
collimates the beam. Two polarizers and a half wave-plate are used to control the polarization and
the power of the laser beam where one polarizer is mounted on a motorized stage for electronic
control. A 9o-10 beam splitter deflects 10% of the beam to a APD which measures the power of
the beam, the remaining 90% of the laser beam passes through a dichroic mirror which separates
the laser excitation path from the fluorescence emitted from the diamond. A 2D galvanometer
scanning mirror is used to scan the beam across the sample. The applied voltage range is -0.45 V
t0 0.45 V, resulting in a scan range of 164 umx 164 pm. The voltage is controlled by a DAQ card
(National Instruments) which is controlled by the software for confocal scanning. A telescope
configuration of two lenses (4 = 75 mm, £, = S0 mm) is placed after the galvanometer, and this
is followed by an objective lens (Olympus MPLFLN 100X air-objective with NA o.9) that focuses
the laser on the sample, with a final power on the order of 0.1 mW. For an ideal telescope ', the
beam should enter the objective at the center, and only the incident angle changes, yet due to space
limitations, the telescope is sub-optimal (see Appendix B.1.1). The detection path starts with the
red fluorescence emitted from the N-V center, the fluorescence is collected by the objective and
follows the optical path to the dichroic mirror where it is deflected to the detection path. A lens
(f = 75 mm) focuses the beam at the pinhole (75 um) which acts as a confocal element, a second
lens (f = 75 mm) collimates the beam. After entering a black box there is along pass filter (645 nm)
preventing residual green light from reaching the APD. Finally, the beam is focused (/' = 25 mm),
split at a so:50 beam splitter and detected by two APDs.

A CCD camera is incorporated to image the diamond; it cannot be used simultaneously with
the confocal microscope as the optical paths conflict. White LEDs are on a PCB which illuminates
the sample from above, this light is collected by the objective and a motorized flip mirror deflects
this light to the CCD, a lens is placed before the CCD which focuses the light. The resulting
image is seen in Fig. B.3; the image shows the diamond membrane, yet it suffers from poor focus,
presumably due to chromatic aberration from the white light, which requires a proper lens. The
deflection mirror is placed along the confocal path described above, and the two detection methods
do not work at the same time.

The electronic control of the system and synchronization is done with an arbitrary waveform
generator (AWG). Two analog channels are used for IQ mixing which are fed into an MW gener-
ator to achieve the required pulsed MW signal. The IQ mixing allows fast sweeping of the MW
signal and is limited by the AWG sampling rate 1.25 GS/sec. The AWG sample rate liimts the band-
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Figure 2.12: Image of the Attocube CSFM microscope setup, showing the integration of confocal optical and atomic force
microscopy (AFM) capabilities. The system includes independent control of the objective position in the z-direction, AFM tip
positioning in X, y, and z, and a sample stage with similar x,y, and z positioning. An external magnet, also mounted on a three-axis
stage, allows spatial alignment of the magnetic field with respect to the NV center. This configuration enables precise alignment

of all components for combined optical, magnetic, and scanning probe experiments.
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Figure 2.13: Confocal microscope setup includes an excitation path (green) starting at the green laser denoted 520 nm and
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focused at the sample, and a detection path (red), where red light emitted from the sample is deflected to the APD’s at the
dichroic mirror, focused at a pinhole for confocal resolution and split with a 50:50 beam splitter to two APD detectors. Full

details in the text.
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| Device type \ model \ comments

Laser Swabian Instruments, DLnsec 520 nm, 40 mW
Arbitrary waveform generator | Spectrum Instrumentation DN2.663-04
Microwave generator SGT100A
Amplifier ZHL-16W-43-S+ range 1.8 to 4 GHz
Amplifier Elite-RF M.02006G414550 20 MHz - 6 GHz
Time tagger SI TimeTagger20 fast photon counter
APD SPCM-ARQH-12 500 dark counts
DAQ card National Instruments 6363 slow photon counter
Power supply for APD BiL'T BEs82
Linear power supply for galvo Thorlabs GPSor1
Power supply for amplifier HMP4040

Table 2.1: List of electronic components used in the setup

width of the MW modulation to Af = 625 MHz = ;- =

N S
2-At 2:1.25¢—9°
limited at 400 MHz and depends on the output amplitude as described in the manual. The MW

in practice the bandwidth is

signal is then amplified and inserted into a PCB using a high-frequency coaxial cable. The PCB
feeds the signal to a copper co-planar waveguide that is fabricated in-house (see Appendix B.2.
The optical signal is collected by two APD’s which tranlate the photon detection to an elecric sig-
nal which is sent to a time tagger for photon counting. The time tagger is synchronized by the
AWG and the data is fed to a PC and processed with the Qudi'°? software package. The time tag-
ger records the photon detection with a 1 ns resolution (defined by the user) and accumulates the
photon counts in a histogram that describes counts per time bin. The list of electronic components

is shown in Table 2.1.
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CFD development

It is not your responsibility to finish the
work, but neither are you free to desist

from it.

Rabbi Tarfon
Pirkei Avot 2:16

MRI can be achieved by applying a non-homogeneous magnetic field such that there is a gra-
dient in the resonance frequency over a sample. An implementation of nanoMRI is done here
by depositing a wire on a tip to create a current-focusing device (CFD). From Biot-Savart law it is
known that a current along a wire induces a magnetic field in the vicinity of the wire. Here, the
wire conforms to the geometry of the tip and has a sharp turn at the apex - this change in direction
of the current causes a gradient in the magnetic field near the apex of the tip, Fig. 3.1. Ideally, an
infinitely strong current would give an infinitely strong gradient, but in practice this is limited by
the heating that the device can sustain. Working with a tip controlled by AFM feedback allows
the wire to be placed near the diamond surface, increasing the gradient field. The tip geometry is
practical for sensing applications where a sample is placed on an array of single N'Vs. The statistical
manner of such samples may require sampling several N'Vs to find a “good” sample, and using a tip
allows one to align the gradient near a desired NV and does not limit the user to a specific location.

Research and development were carried out to design and implement the CFD for use in nanoMRI.
The method for preparing a wire along a tip was inspired from the SQUID-on-a-tip *°7*°® where
a superconducting wire is deposited along such a tip. Here, I follow similar principles for fabri-

cation and adapt the CFD for the room-temperature setup which carries an ohmic current. This
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Figure 3.1: Schematic of the CFD applying a local gradient on sample placed on a diamond with an NV sensor.

work progressed through three key stages: simulation, fabrication, and integration into the NV
confocal microscope. The following sections provide a detailed description of each stage of the
development. The development presented here was published in Communications Physics and

was titled “Pulsed magnetic field gradient on a tip for nanoscale imaging of spins.” .

3.1 SIMULATING THE CFD

The magnetic field of the tip is the most basic requirement of the tip, yet I found that current-
induced heating was the limiting factor in tip design, and this dictates the tip geometry.

3.1.1 SIMULATING THE HEATING OF THE TIP

The Joule heating induced by the current running through the tip was simulated using COMSOL.

The heat transfer equations are

PCU-VT+V . -q=Q+ Qud

(3.1)
q=—kVT

where p is the density, C, is the heat capacity at constant pressure, q is the heat flux, Q are additional
heat sources, including thermoelastic damping (TED), and u is the velocity vector of translational
motion. The heating is concentrated at the apex due to the narrowing geometry towards the apex
of the tip. The geometry chosen to simulate the heating is that of a flat wire with a narrow band
at the center, this reflects the heat concentration at the apex. The geometry included a thin layer
of Au on top of a base of quartz and surrounded by air to account for the heat transfer accurately.
The geometry is shown in Fig. 3.2. We first examine the steady state temperature the device reaches
while varying both apex size and the applied current and extract the maximum temperature of the
device. I assume that the tip will fail when the metal reaches its melting point, for Au thisis 1337
K and so the device heating is compared to Au melting point, see Fig. 3.3. It is noted that the
device may fail before this point such as if heating changes the resistance of the wire, the actual

current will change and the device will not function correctly. From the simulation, it is shown
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that for a tomA current, a 100 nm apex is expected to fail, yet an apex of 1 pum can sustain the
heating. During the experiment, the current is pulsed and does not reach a steady state; for this
reason, I also simulated the temporal change in the temperature for a 15 mA current on a device
with a 1 pm apex. Although at steady state such a device is expected to fail (Fig. 3.3a) the temporal
simulation shows it will take more than 1 second to reach this temperature (see Fig. 3.3b). During
a typical experiment the applied currents are on the order of s, and thus also higher currents can
potentially be applied.

Balancing the need to avoid overheating while achieving a significant gradient for sensing dic-
tated the final dimensions of the device. I chose a cross-section large enough to sustain a current on
the order of 10 mA. Following the simulation, the apex was designed to be on the order of 1 um,
and the deposition thickness was set to be 200 nm, resulting in a cross-section that is large enough
to sustain a current without damaging the device due to heating.

apex_r=0.5, curr=15 Temperature (K) with 100 um Si L 2
x10°
11.4
11.3
11.2
11.1

11.0
0.9
0.8

0.7

Figure 3.2: Geometry for COMSOL simulation of the device heating, the size of the apex was varied. The heat map shown is

the result of a simulation of a current set to 15 mA and apex size is 0.5 pm. The maximal heating is shown at the narrowing which
represents the apex of the tip.
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Figure 3.3: (a) The temperature of Au as a function of the current applied to the device for varying tip size. The temperature is

compared to the Au melting point. (b) Change in temperature over time for an apex diameter of 1 um and a current of 15 mA.
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3.1.2 SIMULATING THE MAGNETIC FIELD

The fundamental feature of the current focusing device is the magnetic field induced by the tip.
The geometry of the tip dictates the field and can be simulated by numerically solving the Biot-
Savart equation (Eq. 3.2) for the wire geometry. The numerical calculation used was an open-
source code developed by L. Queval'*°. Essentially, a geometry is defined for the current focusing

device and split into segments for which Eq. 3.2 is computed and summed over all the segments at

B(r.) = 0 / I)dl x ¢ (3.2)

o B

each required point in space.

Here B(r) is the magnetic field at r, 7d/is the current source with infinitesimal length 4/ at a distance
' = r — d/ to the computed point, r, {1p = 47 - 10~7 T - m/A is the vacuum permeability.

The wire can be described in three portions consisting of two leads that are connected at the apex
and is shown in Fig. 3.4 The angle between the lead to the apex was set according to measurements
from tips fabricated in this work and set to be « = arctan(r/H) = 7.7°, where the value » = 1.97 pm

is the cross-section of the tip at the distance # = 7.29 um to the apex. To describe the device in
I
N
current. In each calculation the specific geometry is controlled including the size of the apex and

3D, N wires are combined in parallel and set the current on each wire to be %, where /; is the total

the length of the leads included in the calculation.

x10%
5 ’\

z [nm]

- 5000
0 5000
y [nm] x [nm]

Figure 3.4: The geometry used for numerically calculating the field of the tip. The wire is shown in red and the field points
are marked in black. Here the apex size is set to 1 um and the field is measured 200 nm below the wire. The wire extends to a

distance of 50 um from the apex.

This configuration attempts to accurately describe the current focusing device yet it inherently
has deviations from the true device and as such the magnet field measured may deviate from the
simulation. The calculation does not account for the deposition thickness and for the distribution
of the current within the gold layer. It also does not include the shape of the quartz tip which is
rounded. In the fabricated device the two leads are separated only be a narrow space (less than
200 nm) and so the leads are closer to each other than in the simulation. Despite these deviations,

the simulation achieves an estimate for the field.
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SIMULATING A TIP WITH I .3 UM APEX

In this work I used a tip apex size of 1.3 um. The expected magnetic field for these dimensions was
simulated and is shown in Fig. 3.5 showing the cross section in plane to the tip and parallel to the
tip apex. The strength of the magnetic field is weak - not more than 5 G at a distance of 200 nm
between the tip to the NV. Hence, it is not expected to interfere with the NV contrast?* as shown

in Fig. 2.5.
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Figure 3.5: Simulation of the magnetic field of the wire. (a) The tip is shown in the colored region above the z = 0 level, the
cross section is in plane of the tip at the center of the tip the diamond surface is 50 nm below the tip. (b) cross section parallel
to the tip apex, the colored square is the location of the tip above the surface. The simulation shows the field 200 nm below the

tip apex. The white dashed line in each image is the location of the cross-section of the other image.

To estimate the expected gradient of the CFD magnetic field we calculate the 2D numerical
gradient of the simulated field (apex size 1300 nm, current 2 mA, distance from apex 300 nm),
Fig. 3.6. This gradient is calculated from the magnitude of the field, |V|B|| = \/ (%82 4 (%82,

Ox Ay
where the gradient along x and y are calculated using Python numpy gradient implemented for

second-order accurate central differences. Two peak regions are visible where the maximum is
found near the edge of the tip and the value calculated is 0.35 1 T/nm. This may deviate from the
actual measurement. First, the magnetic field measured is projected along the NV axis thus the
actual values measured will differ from the simulation. For the purpose of nanoMRI it is the full
vector field that will be applied to a sample and as such the gradient is calculated for this field. Ad-
ditionaly, this is the maximal gradient and is found at a specific point, the 2D measurements are
done at a lower resolution than the simulation and will likely not probe the specific maximal point
of the highest resolution.

SIMULATING A TIP WITH 100 NM APEX

Initial attempts to create a current focusing device used a tip with an apex on the order of 100 nm.
This was chosen in order to achieve a significant gradient and was later found to fail due to heating.
The expected field of such a wire was simulated and is shown at a distance of 200 nm in a range of
200 nm around the tip, see Fig.3.7. At this distance, for a current of 2 mA, the maximum gradient

is 0.89 wT/nm, see Fig. 3.16 in discussion Sec 3.5 below.
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Figure 3.6: Gradient of the simulated magnetic field of the tip at a distance of 300 nm below the apex. The red dot is the point

with the maximum gradient.
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Figure 3.7: Magnetic field simulated for an apex diameter of 100 nm apex at a distance of 200 nm from the tip.
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3.2 CFD FABRICATION

The fabrication of the CFD includes several stages in order to achieve a device with the required
dimensions and avoid shorting the two leads. It was found that the deposition at the apex can
cause a short-circuit due to material deposited in the region separating the two leads. This results
in the current flowing around the side of the tip instead of through the apex and the gradientis not
achieved. The protocol described here is intended to achieve a tip with the required dimensions
for a practical gradient, mitigate the short-circuit and raise the fidelity of the tip fabrication. The
process consists of three main steps - pull a quartz rod to a tip with 100 nm apex, use FIB to cut
the apex to the desired dimension, deposit metal along three sides, as shown in Fig. 3.8. In each
batch process four tips are prepared yet only in one to two of the tips does the current flow across

the apex. The full details are described in the following section.

(1) 90° (2) 90°

(3) 0°

i

Figure 3.8: Process of tip fabrication. (a) Tip is pulled from quartz rod to have a narrow taper and an apex on the order of
100 nm. (b) The tip is cut using an FIB to obtain an apex on the order of 1000 nm. (c) Schematic showing the deposition on the
tip from three angles, first the two leads are deposited at the angles +=90° followed by the apex deposition at 0°. (d) An SEM

image of the fabricated tip showing the metal deposition on the leads and at the apex and the gap between the leads.

The process starts with a bare solid quartz rod with a diameter of 1 mm and length 75 mm and
includes two grooves on opposite ends (purchased from Friedrich € Dimmock Inc.) - see Fig. B.s.

To form micro-pipettes the quartz rod is heated at the center with a laser and pulled on the two
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sides, this results in two micro-pipettes with similar properties (taper length and apex size). This
is achieved using a laser-based micro-pipette puller P-zooo, Sutter Instrument Company which
effectively melts the glass at the center of the rod and when cooled the glass hardens to the tapered
shape. The micro-pipette properties are controlled by the recipe used and include the following

ITT _

parameters
* Heat - specifies the output power of the laser.
* Filament - specifies the laser scanning pattern.
* Velocity - specifies the glass temperature at which the pulling begins.

* Delay - controls the wait time between the final pull to the time when the laser is shut off

(128 is zero delay).
* Pull - dictates the strength of the pull.

In this work the recipe used is shown in Table 3.1 and is intended for working with solid quartz
rods resulting in a diameter on the order of 100 nm and a taper length of roughly s mm - an SEM

image of the tip is shown in Fig. 3.8(a).

| Heat | Filament | Velocity | Delay | Pull
850 5 20 128 | 118
600 4 65 128 | 120

step I
step 2

Table 3.1: Tip pulling recipe used in this work results in an apex on the order of 100 nm and taper size 5mm. The recipe is
cycled until the quartz rod is separated into two tips. The number of cycles and the time that the heat was applied during the last

line are constant if the recipe is reproducible.

After pulling, the tip tail is cut with a diamond scriber to the desired length such that the tip,
from base to apex, fits within the metal grid holder intended for deposition (Fig. B.6). Using a
soldering iron, the leads far from the tapered region are coated with a thin layer of indium. This
layer improves the mechanical and electric contact to the holder for the AFM microscope. The tips
are placed in the grid such that the indium is exposed for the deposition and the grooves face the
metal within the holder to avoid deposition in this region. The bases of the tips are covered using
Kapton tape. This holds the tips within the grid and prevents deposition at the tip base which can
create a short.

In preparation for the FIB a thin deposition of 7 nm Cr and 10 nm Au is performed on the leads.
This is intended so that the tips are conductive and as such will improve the image of the electron
beam. Next, the tip is cut using FIB so that the diameter of the apex is on the order of 1 pm. The
FIB working current was 48 pA - this controls the force removing the material. When etching the
tip with the FIB, material is removed from the apex gradually until cutting the tip to the desired
size. The tip after cutting with the FIB is shown in Fig. 3.8(b), showing a flat apex with a diameter
of 1300 nm.

The final step for fabrication is the deposition of the leads and apex. For the apex deposition
a metal mask was placed on the two sides of the grid holder (see Fig. B.7). This is intended to
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prevent deposition in the grooves and avoid shorting the tip. The thermal deposition is done in a
home built deposition chamber"** in the lab of Prof. Eli Zeldov, and allows the tips to be rotated
within the deposition chamber. For the apex deposition, the tips face the boat with the material
(see Fig. 3.8(c)), and 7.5 nm Cr is deposited, followed by 125 nm Au. For the lead deposition,
the metal mask is removed, and then the two leads are deposited (see Fig. 3.8(c) with 7.5 nm Cr
followed by so nm Au. The final tip with deposition is shown in Fig. 3.8(d).

For characterization, all tips are imaged by SEM. The quality of the deposition and the groove
are examined, Fig. 3.9 shows examples of such tips. In Fig. 3.9(a),(b) there are two examples of
poor deposition, in (a) the metal did not form a uniform layer on the quartz and in (b) the apex
deposition is thin and patchy, both result in tips with resistance on the order of MQ and are not
useful. An example of a tip with deposition in the groove that will lead to current flowing around
the side of the tip is shown in Fig. 3.9(c),(d) showing two sides of the same tip. In Fig. 3.9(c) the
groove is clear while on the opposite side in Fig. 3.9(d) there is material in the groove. The last pair,
Fig. 3.9(e),(f) shows the two sides of a good deposition where both grooves are clear and the current
is expected to flow across the apex. The resistance is also an indication of the tip quality and was
measured for each tip using a multimeter. Low resistance, up to 100 Q, points to a short, while
high resistance, over 1 kQ, indicates the tip cannot sustain enough current. The proper range is

150-400 () resistance.
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Figure 3.9: SEM images comparing tips with failed and successful deposition. (a) Metal deposition is non uniform. (b) Thin
deposition at the apex. (c),(d) Two sides of the same tip, where (d) has deposition within the groove and results in a short circuit.

(e),(f) Two sides of a proper deposition on a tip, the gold deposition is uniform and the grooves on both sides are bare.

3.3 INCORPORATING THE CFD IN THE NV MICROSCOPE

As described in Ch. 2.3 the NV setup consists of an optical excitation and detection, a microwave

antenna needed for interacting with the NV and a permanent magnet which is aligned to the NV
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axis. To achieve alocal gradient magnetic field the CFD must be incorporated in the vicinity of the
NV along with these elements. The system used for combining these elements is the Azzocube at-
toCSFM, which combines optical access below a sample stage for the diamond along with a piezo-
electric stage intended for AFM feedback for the tip. The system incorporates AFM feedback us-
ing frequency modulation AFM with the attocube ASCso0 controller. The attocube microscope
consists of four stages each with piezoelectric coarse motion - objective stage (z motion), sample
stage (x,y,z motion), tip stage (x,y,z motion) and a permanent magnet stage (x,y,z motion). It ad-
ditionally includes a temperature stability system using a Lakeshore 335 controller. Tip scanning
with respect to the diamond was done using attocube piezo scanners (3 x ANSx301). The setup
combining the diamond placed on the waveguide and showing the permanent magnet along side
the tip in the holder is shown in Fig. 3.10. The tip holder apparatus limits the scan range of the

magnet which in turn prevents access to some of the four NV orientations, see Fig. 3.10. The

Magnet arm

diamond

- &
]

Figure 3.10: (left)Photo of the setup combining the diamond membrane, the tip in the holder and the permanent magnet.
Below the tip is the diamond membrane placed on a copper waveguide which was deposited on a glass slide. The waveguide sits
on a PCB providing input and output connections to the microwave signal. The tip is pressed against the tuning fork and held in
the PEEK holder which is placed within a metal holder. Two electric pins appear on the top and provide the electric connection
to the tip. The permanent magnet is shown to the right of the tip. (right) A top-view schematic of the setup illustrates how the
placement of the magnet is constrained by the presence of the tip and tuning fork. The magnet is aligned along the NV axis;
however, spatial limitations prevent access to certain NV orientations. In particular, the magnet cannot be positioned directly

above the diamond, which restricts the maximum magnetic field that can be applied.

working region of the tip relative to the diamond and the waveguide is shown in the schematic
cross-section in Fig. 3.11. To provide maximal MW power along with optical access, the work-
ing region in the diamond is next to the center line. The tip is positioned near the surface of the

diamond within the working region.
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The process of incorporating the tip in the NV setup and locating the tip is described below and

summarized in Fig. 3.12.

3.3.1 TIP HOLDER

The tip is placed on a piezoelectric stage which controls its location in x, y and z relative to the dia-
mond sample. A cylindrical PEEK tip holder was designed to hold the tip at the center (design in
Fig. B.8) with two metal springs that provide electric contact to each lead. Each spring is connected
to a coaxial cable to connect to the electric current circuit. A quartz tuning fork (fy = 32.768 kHz,
HM International BVBA, model TB-38-20-12.5-32.768) is used for feedback to control the dis-
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Figure 3.11: Cross-section of the tip above the diamond (not to scale). The schematic shows the dimension of the wave-guide

with the diamond placed above and the relative position of the tip.

@)
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Tuning fork

Figure 3.12: The process of incorporating the tip in the NV setup and locating it. (a) The tip is pressed against the tuning fork

to provide AFM feedback for surface contact. (b) The tip is scanned with the laser to obtain a coarse location of the tip. (c) A

cross section of the tip is scanned. (d) The tip is in contact with the diamond and located by moving the tip.
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tance between the tip to the surface. The electronic connection to the tuning fork is done by sol-
dering a delicate coaxial cable to the two electrodes, the wire used is MKso0s-SMA11-offen-o200
purchased from elspec group. The tuning fork is then glued to a PEEK holder (Fig. B.9). Finally,
the tuning fork is pressed against the tip using a micro-positioner and a live camera, ensuring tip to
tuning fork contact and preventing the tuning fork from damaging the tip, Fig. 3.13. The tuning
fork holder is connected to the tip holder with superglue and is cured overnight - this can later be

removed with acetone as needed.

Figure 3.13: The tip is pressed against the tuning fork to allow feedback for the AFM contact to bring the tip to the diamond

surface without damaging the tip. Two live cameras are used to view the contact from different angles.

3.3.2 CO-ALIGNMENT OF THE TIP WITH THE CONFOCAL MICROSCOPE

The CFD apex is on the order of 1 um and must be aligned to the working NV to apply a magnetic
field that can be detected by the NV. The optical focal point defines the working NV and is within
the optical fiel of view (FOV). A series of scans is performed in order to align the tip within the
FOV and adjacent to the NV. First, the sample is removed and the tip is scanned above the objective
over a range of roughly 1500 pm x 1500 pum, while monitoring fluorescence in each scanned posi-
tion, the resulting image is shown in Fig. 3.12(b). This leverages the large dimensions of the tuning
fork which is detected in the scan. The tip location is estimated from its relative position to the
tuning fork which is shown in the image in Fig. 3.13, this image is captured for every new tip and
is different in every iteration. The tip is set to the estimated location, and a confocal scan is done
to confirm the tip is within the FOV by imaging a cross-section of the tip as shown in Fig. 3.12(c).
Finally, the tip is raised far from contact and the sample is placed in the setup. At this point the
AFM is used to detect the contact point of the tip with the surface. After this, confocal scans con-
firm the detection of the tip by moving the tip and comparing the confocal scans, see Fig. 3.12(d).
Noticeably, the tip apex does not always appear at the center of the larger cross-section, and the
last step is critical for detecting the tip. The apex dimension, being larger than the diffraction limit,
gives the tip the advantage of being visible in the confocal image. Working with a tip smaller than
the diffraction limit would hinder visibility.
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A 520nm
ONA ~ 2-0.9
Eq. 3.3 shows a calculation for the diffraction limit d, where 1 is the wavelength and N4 is the

4= ~ 300 nm (3.3)

numerical aperture.

3.3.3 AFM FEEDBACK

AFM feedback is used to control the working distance of the tip to the diamond surface. During
experiments, the tip is set to a specific retracted distance from the surface and is not in contact
with the surface. The height of the surface is found from a contact scan and the tip is set to a
specific distance from the contact point. In this manner the tip is safe from crashing and is held ata
constant height and does not fluctuate as would be if the tip were in feedback mode. Itis noted that
during measurements the phase locked loop (PLL) is active, thus if there are drifts in the system
the tip will retract and not crash. The excitation is done with a dither piezoelectric glued to the tip
holder adapter. The PLL feedback’'? controls two loops, a frequency control loop and a distance
control loop, see Fig. 3.14(a). First a frequency control keeps the excitation frequency locked to
the resonance by locking the phase between the excitation to the resonance to 7/2 (an example
of the resonance curve is shown in Fig. 3.14(b)). Typical parameters for the frequency loop are
P =500-10"%(kHz/deg) and 7 = 5 - 1073 (kHz/deg/s). The second loop controls the tip to surface
distance, z, this is achieved by controlling the shift in resonance frequency to be a set shift defined
by the user. Here, typical parameters used are P = 1- 107> um/Hz and 7 = 350 - 107> pm/Hz/s
and the set-point used was 600 Hz (a higher set point of 1 Hz resulted in the tip crashing).

3.4 ELECTRIC CONTROL OF THE CFD

The current through the tip is created by a voltage applied by the AWG and then amplified by a
Stanford Research Systems amplifier with a x10 gain. The amplified signal is transmitted to the
tip through a thin coaxial cable connected to an input pin, while another coaxial cable connects
an output pin to an oscilloscope with a 50-Ohm termination for readout. The AWG is used to
synchronize the signal to the NV. The MW signal to the NV is created by Rohde & Schwarz syn-
thesizer, which is modulated by an arbitrary waveform generator (AWG). It is then amplified by a
Minicircuits ZHL-43-16W and fed into the co-planar waveguide via SMA ports. The transmitted

signal is connected to a 4 GHz, 20 GS/s oscilloscope with a 50 Ohm termination.

3.5 DIscUSSION

In this chapter, we presented a current-flowing device (CFD) integrated within an N'V-based con-
focal microscope. The design of the device balances two key requirements: effective heat man-
agement and the generation of a high magnetic field gradient. Particular attention was given to
guiding the current flow through the apex of the tip, avoiding short-circuit current paths along
the tip side. This involved not only the fabrication of the tip but also its integration into the NV
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microscope, precise positioning near the NV center, alignment with a permanent magnet, and the
development of electronic control for current delivery.

Although a tip with a 1300 nm apex was successfully fabricated, exploring the benefits of a
smaller apex remains of interest. As mentioned, from an optical perspective, the minimal apex
size that is recommended is on the order of the optical diffraction limit since this is advantageous
when locating the tip nearby a single NV. From a thermal perspective, there is room for optimiz-
ing the apex dimension in order to find the smallest possible tip that can sustain a current. A large
cross-section can be achieved by increasing the deposition thickness so that for a given apex ra-
dius, the overall cross-section area is increased in order to support larger currents. More detailed
simulations and experiments can be done to find the optimal apex size and deposition thickness.

Simulations of the gradient of the magnetic field comparing the large apex to a fine apex are
shown in Fig. 3.16. In both the fine and large dimensions the gradient is maximal near the edge

of the tip where the current changes direction. At a distance of 200 nm from the tip the gradient
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Figure 3.14: (a) Schematic of PLL loop which controls the tip distance to the surface. The control is done with two loops, a
phase control and a distance control. The phase loop is used to control the oscillation frequency of the tuning fork and is set
such that the phase between the excitation and the oscillation of the tuning fork is 75’ The second loop controls the distance to
the surface, the distance is set such that the the frequency shift is controlled and held at a given value. Image from the attocube
ASC500 manual. (b) (blue) The resonance curve of the tuning fork showing the response of the tuning fork to varying excitation
frequency. (red) The equivalent phase curve. The working point is set such that the phase is zero and is marked with the dashed

black lines.
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simulated for the large and fine tip are a similar order of magnitude and it does not appear that
there is an advantage for working with a fine apex. Yet, at a distance of 5o nm to the surface, the
difference between the two apex sizes becomes significant, and the maximal gradient is an order of
magnitude better with a fine tip, meaning there is an advantage to working with the fine apex. The
range of the magnetic field is local and is on the order of the tip diameter. Working with a large tip
may make it easier to find the working region and can hold an advantage. The device was designed
to apply local electromagnetic fields in the vicinity of an atomic defect. The main goal presented
here is to achieve nanoMRI by inducing a local gradient in the magnetic field. Indeed, magnetic
field measurements of the tip that support this aim are presented in the following chapter. Yet, be-
yond nanoMR]I, the device can be employed for broader applications in nanoscale magnetometry.
Questions regarding the response of materials to an external magnetic field can be studied by ap-
plying a field that is controlled during the experiment. It can be used to study magnetic materials,
2D materials, monolayers or current and spin transport in nanoscale devices.

Here, a room-temperature setup is demonstrated yet working at cryogenic temperatures will
likely have advantages as well. The choice of working temperature depends on the sample at hand;
while some phenomena are of interest at room temperature, such as biological interactions in a
natural environment, other samples will gain from low temperature, particularly when the sample
suffers from thermal drift. Additionally, studying low-temperature physics is of interest to explore
phenomena that uniquely arise there. Developing a low-temperature device would require exam-
ining the limitations of such a setup, including optics, spatial constraints, and heating. The pos-
sibility for a superconducting current would be available at low temperatures, which will remove

the need for a large device discussed above and will allow one to reach stronger gradients.
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Figure 3.15: MW/REF circuit schematic. The microwave (MW) vector generator’s | and Q ports are modulated by an arbitrary
waveform generator (AWG), and the RF signal is then amplified and sent to a co-planar waveguide (CPW), on which the diamond
membrane is positioned. The current to the tip is fed by a separate signal from the AWG, amplified and monitored by an oscil-
loscope. The tip is glued to a tuning fork resonating at 2!° Hz, whose amplitude and frequency are controlled by a phase-locked

loop (PLL), which in turn serves as the feedback parameter for the AFM'’s z-stage (controlled by the ASC500).

43



The implementation shown here is not necessarily the only solution, and other technologies may
be attempted, each given different constraints. One such option is to use cantilever AFM instead of
tuning fork AFM. A cantilever can be designed to have a current along the tip and can possibly be
used to achieve a similar electromagnet. This technique is in use for SQUID magnetometry '+ and
can also be considered for incorporation with NVs. A significant difference is the NV sensor, which
requires an optical confocal microscope; the cantilever control would need to be incorporated in
the setup including optical access to the NV and aligning the cantilever to the NV, yet in principle,
this configuration is possible. The cantilever stability is also a consideration. In this work, the tip
is held static at a set distance, yet if the cantilever spring constant is “soft”. it may fluctuate and

introduce magnetic noise.
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Figure 3.16: Simulation of the gradient of the magnetic field for a current of 2mA for a large and fine apex. (a),(b) The gradient
simulated at a distance of 200 nm for (a) a large apex with 1300 nm diameter and (b) for a fine tip with 100 nm apex. (c),(d) The
gradient simulated at a distance of 50 nm for (c) a large apex with 1300 nm diameter and (d) for a fine tip with 100 nm apex. Notice

the simulation range is different for the two diameters as the effect of the field is local and on the order of the tip diameter.
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Pulsed magnetic field gradient

I propose that image formation by this
technique be known as zeugmatography,
from the Greek Ceuyiia, “that which is

used for joining”

Paul C. Lauterbur
1973

4.1 BACKGROUND

Magnetic Resonance Imaging (MRI) operates on the principle of spatially encoding spin reso-
nance using magnetic field gradients superimposed on a uniform background magnetic field (see
Ch. 1.1). Inits foundational form, as proposed and demonstrated by Paul Lauterbur '®'#, the tech-
nique relies on two distinct magnetic fields: a homogeneous static magnetic field to polarize and
excite nuclear spins, and a spatially varying gradient field to differentiate spatial locations within
the sample. When exposed to the static magnetic field, each spin experiences a Larmor precession
frequency proportional to the local field strength. By introducing a gradient field, this frequency
becomes position-dependent, enabling spatial encoding of spin signals. Conventionally, detection
is carried out in the frequency domain, where the gradient along different axes is swept, and each
applied gradient gives information for a different k-vector. This allows the reconstruction of the
spatial distribution of spins, as each frequency component corresponds to a unique location in the
sample. The contrast within an image slice, which differentiates between tissues most often, is due
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to T or T, weighing, which is controlled by the parameter swept in the pulse sequence.

Methods demonstrating nanoMRI using gradient magnetic fields rely on the same principle
as conventional MRI by coupling frequencies to location. However, the detection method can
vary and is achieved by selective sensing of specific spins. Bodenstedt et al. demonstrate™'s such
a detection of two NVs within a single confocal spot by applying a gradient induced by a hard
drive write device. When measuring ODMR, the two NVs show two distinct dips separated by
28 MHz. To determine the distance the researchers used an optical super-resolution method**¢
(Deterministic Emitter Switch Microscopy) where a microwave pulse flips the spins to the dark
state, using this technique they determine the two NVs are at a distance of 44.5413.2 nm apart.

Mapping of electron spins using a permanent magnetic tip was achieved by Grinolds et al.>?".
First they use Ramsey interferometry (see Sec. 2.2.1 and Fig. 2.7) to characterize the gradient of
the system and achieve 3.3 A resolution. The detection of the spins is performed using a DEER
sequence (Fig. 2.9), where a resonance z-pulse is applied to the measured electron. The resonance
frequency is determined by the gradient, thus different locations have different resonance fre-
quencies. These techniques include a permanent magnet, which hinders contrast as discussed in
Sec 2.1.4. Our method aims to overcome this gap and allow magnetic resonance imaging.

NanoMRI was also demonstrated using ensembles of NV and performing Fourier magnetic
imaging*'7"*¥, a technique analogous to conventional MRI. In this approach, the amplitude of the
magnetic gradient field is scanned, and a modified dynamical decoupling (see Sec. 2.2.1) is applied
to the NV ensemble. The resulting NV phase is a Fourier transform of the real space information
in contrast to methods directly scanning real space pixels. This method requires a pulsed magnetic
gradient that can be controlled within the pulse sequence. In these works, micro-coils are deposited
in a set position on the diamond, producing a gradient™”7 of VB = 0.7 G um™" in the center of
the coil, resulting in 3.5 nm resolution measured in the NV ensemble. Here, the position of the
gradient source is permanent relative to the NV, limiting flexibility which is particularly useful for
single N'Vs for imaging applications.

The goal of the CFD is to achieve a high magnetic field gradient in the vicinity of the NV sen-
sor. To this end I measured the magnetic field of the tip using the NV. A series of measurements
demonstrate the capabilities of the tip and the potential it holds for nanoMRI, are presented in the
following sections. It was published in Communications Physics and was titled “Pulsed magnetic

field gradient on a tip for nanoscale imaging of spins”*.

4.2 MEASUREMENT SETUP

Measuring a DC magnetic field with the NV is performed using either an ODMR pulse sequence
or a Ramsey sequence (see Sec. 2.2.1). Here, I chose to work with ODMR;; it is appropriate for
sensing large shifts, is simple to implement, and the results are straightforward to interpret. In
order to measure the effect of the current, a modified ODMR pulse sequence is introduced, incor-
porating a pulse to the tip, which applies a current along the tip and induces the magnetic gradient,
see Fig. 4.1. As discussed, the pulse sequence has three components - initialization, manipulation,

and readout. To measure the effect of the current, the current is applied only during the phase
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of spin manipulation and the current is oft during spin initialization and read-out. The ODMR
pulse sequence is performed in an alternative manner with current and without. In this way, each
measurement of the current-induced magnetic field can be compared to a baseline without current
and drifts over time are not a concern as both measurements with and without current undergo
similar drift (see Fig. C.2).
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Figure 4.1: ODMR current pulse sequence. The pulse consists of a basic ODMR which is synchronized with a pulse applied
to the tip to induce a current. The current is applied during the spin manipulation phase and is off during the spin initialization
and read-out phases. The ODMR measurement is performed sequentially with and without current. The laser initialization and
read-out are achieved with a 3 ps laser pulse at 520 nm. The pulse used to apply the current, showing the rise time, on time and

fall time, is shown in Fig4.2.

The current pulse applied to the tip was measured on an oscilloscope, see Fig. 4.2. The measure-
ment shows the rise and fall time to be 600 ns; this was measured without the tip in the circuit and
is limited by the circuit’s electric components. A typical NV pulse sequence consists of initializa-
tion to m, = |0), this state is stable for a time 7; after which the state relaxes to the thermal ground
state. 71 is typically on the order of a few ms'*%*° and this is the time frame for spin manipulation;
thus, a rise and fall time of 6oo ns is not significant compared to the spin state stability. The am-
plitude of the current was 1.54 mA, which was chosen to avoid damage to the tip while achieving

a measurable magnetic field.
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Figure 4.2: Measurement of the current on the tip during ODMR, the current shows a rise time of 600 ns followed by a 1 ps
pulse where the current is on and finally a fall time. The fast oscillations shown are induced by the MW z-pulse applied during
the ODMR.
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For the CFD magnetic field measurement, the diamond used is an e6 [100] electronic-grade
CVD diamond, overgrown with a solid state boron rod doping**?, followed by ®N* implantation
at an energy of s keV and subsequent vacuum annealing at 950°C. The boron-doped layer was
then etched with oxygen inductively coupled plasma (ICP). The diamond was thinned down to a
membrane (30 um). Patterns of arrays of nanopillars were etched into the diamond by a combina-
tion of electron beam lithography and ICP "*'.

4.3 MAGNETIC FIELD MEASUREMENT

A single measurement of ODMR under the effect of the current on a tip is shown in Fig. 4.3(b).
Each measurement consists of roughly 350,000 repetitions, which are measured over roughly s
minutes. The 7 time used for the ODMR is determined from a Rabi measurement performed
before the ODMR measurement (Fig. 4.3)(a). Each curve is fit to a gaussian which determines the
resonance frequency. The shift in the magnetic field due to the tip is calculated as the difference
between the frequency measured with and without the current. The measurement shows a shift of
9.040.2 MHzin the resonance frequency. From the gyromagnetic ratio y, = 2.8-10* MHz- T~ the
shiftin the magnetic field is calculated and is 322 4 8 uT. This demonstrates the first requirement,
which is that the tip can sustain a current that is large enough to induce a magnetic field that is
sensed by the NV.
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Figure 4.3: (a) Rabi measurement performed before the ODMR is used to determine the Rabi time for each ODMR measure-
ment.(b) An ODMR measurement demonstrating the effect of the magnetic field induced by the tip. The ODMR measured with

(blue) and without (orange) the current through the tip is shown.

To further demonstrate the capabilities of the tip, a series of ODMR measurements were con-
ducted at progressively closer distances to the diamond surface. With the tip fixed at a specific
lateral position, the distance to the diamond surface (”z”) was systematically varied, and ODMR
was measured at each z-position (Fig. 4.4b). Comparing to simulations of the magnetic field be-
low the tip at different locations shows that the measured curve is similar to the simulation of the
field beyond the edge of the tip at x=2000 nm shown in Fig. 4.4c. The value of the measured field

is within range to the simulation and the curve has a similar shape and does not appear quadratic
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as it would be if the NV were directly below the center of the tip (x=0). The lateral location of the
tip was not determined in this measurement and so discrepancy from the simulation is expected

as the measured field depends on the location relative to the tip.

a) 2
( ) 600
1 -
0 -
~ —17
g _
2 3005
_2 B =
_3 B
_4 B
=5- 0
-20 -15 -1.0 -05 00 05 10 15 20
(b) X (um) (c)
301 -f- 1.5mA H . xcut5nm
60 4 H x cut 2000 nm
- :
£ 251 AN )
2 ~ 50
kel N —
g S =)
3 N =
g 20 1 ‘\ kel 40 4
GJ N, [
£ AN S
3 Mt 3
€15 § 301
:
g \\\ 20 -
10 ) ~
e
10 4
5 -
1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 1 2 3 4 5
distance to surface (um) distance to surface (um)

Figure 4.4: Measuring magnetic field vs. distance to surface. (a) simulation of the field induced by the CFD. The range simulated
below the tip if from 500 nm to 5500 nm below the tip. The white dashed lines are plotted in (c). (b) The magnetic field measured
as a function of distance to the surface. (c) line cuts from the simulation in (a) at two different lateral locations relative to the
tip, x = 0 is directly below the tip and x = 2 um is beyond the edge of the tip. The magnetic field shown in the line cuts are

projected on the NV axis while the full simulation shows the absolute value of the field.

4.4 2D MAGNETIC FIELD MEASUREMENT

The CFD is intended to apply a non-uniform field in the vicinity of the NV. To demonstrate this
feature a spatial measurement of the magnetic field was performed in the vicinity of the NV. For
this, the tip was set to a given tip extension which sets the distance between the tip to the diamond
surface. At this height, the region around the NV was scanned, and at each point, the field in-
duced by the CFD was measured with ODMR. Each pixel included first a Rabi measurement to
determine the 7 time, followed by the ODMR measurement. Additionally, a contact measure-
ment was done with the AFM in order to deduce the accurate distance to the surface resulting in

a measurement of the surface topography (Fig. 4.9(c)). This measurement was performed at two
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heights and the results are shown in Fig. 4.5. The maximum measured field is 259 uT, which does
not hinder the NV contrast32.

To compare to the simulation of the expected field (as shown in Fig. 3.5), we account for the
degrees of freedom in the measurement. The first is the relative angle between the NV axis to the
direction of the current, and the other being the lab coordinates along which the tip is scanned.
The magnitude and range of the measured field are affected by the angle between the current to
the NV, since the ODMR measurement is most sensitive to fields parallel to the NV axis. While
the scanning axis defines the axis connecting the maxima and minima, it does not affect the field
strength. The simulation, as shown in Fig. 4.5, projected along the NV axis [111] and rotated by
45°, is qualitatively similar to the measurement. Several features are visible in both - a sharp peak
in the field along with a broad yet shallow dip. As expected, the field strength increases with the
distance to the surface. Quantitatively, the range and values of the field in the experiment and the
simulation are in good agreement. The discrepancies can be associated with several uncertainties
- the discreteness of the measurement, the error in the distance to the surface and simulation as-
sumptions regarding the current flow along the wire. From the comparison, we can then calculate
the magnetic field induced by the tip at the sample’s position. This is important when considering
the effect of the magnetic field on spins external to the diamond, such as unpaired electrons on the
surface and more broadly a sample placed on the diamond, since by knowing the field generated

by the gradient at each point, we can deduce what the Larmor frequency of the target spin would

be.

4.5 SPIN IMAGING RESOLUTION

To measure the magnetic gradient at higher resolution, we measure ODMR along a line connect-
ing the minima to maxima regions, see Figs. 4.5¢c and 4.6(a). The magnetic field along the line
scan is shown overlaid on the topography of the diamond pillar, showing the maximum gradient
is near the center of the pillar, Fig.4.6(a). A line cut from the simulation is shown in Fig. 4.6(b)
and depicts a similar trend and values to the measurement. This scan was repeated as a function
of distance to the diamond surface, Fig 4.6(c). From each line scan the gradient is calculated as the
slope of a linear fit between the two circular points marked for each line. As expected, the gradient
increases as the tip is closer to the diamond surface, see Fig. 4.6(d). Following the law of Biot-Savart
(see Eq. 3.2), we fit the increasing gradient to an inverse quadratic function. To obtain the maxi-
mal gradient the scan should be performed along the optimal x,y curve, where deviations from this
curve will result in a sub-optimal gradient as seen in the point closest to the surface (Fig. 4.6(d)).
For a current of 1.54 mA through the tip, the maximum measured gradient is 0.95 pT/nm, mea-
sured when scanning the tip along the axis connecting the minima to maxima regions.

The CFD is intended for nanoMRI and as such the imaging resolution achievable with the de-
vice is examined. The limit on resolution is a combination of the spectral resolution of the setup
and the gradient achieved by the tip. With the single NV’s dephasing time (7}) of ~ 3 s, we were
able to measure ODMR within an error of 100 kHz. The signal from an electron is detected by the
NV at the electron resonance frequency at B, where y, = 28 MHz/mT and Bis the magnetic field
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Figure 4.5: 2D Magnetic field generated by the tip. (a-b) A map of the magnetic field (in uT) of the tip measured by the pulsed

tip ODMR sequence from Fig.4.1c at varying distances (300 nm, 600 nm) from the diamond surface. (c-d) Numerical calculation

of the expected magnetic field (in |LT) projected on the NV [ill] axis for the conditions measured in (a-b), respectively. The white

dashed line in (c) goes along a cross-section of the maximal gradient.
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Figure 4.6: Magnetic field gradient. (a) A line scan across the magnetic field map over the region with the highest expected
gradient (0.95 wT/nm) from (c). The gray region shows the diamond nanopillar topography measurement to show the location of
the steepest slope with respect to the nanopillar position. (b) A plot of the line-cut from the simulation in Fig.4.5c¢, in agreement
with (a). (c) Line scans measured at varying distances from the diamond surface. For each line scan, the gradient is calculated

along the two circular points. (d) The extracted gradient from (c) as a function of the distance from the surface with a linear fit.

applied to the electron. Thus, to distinguish electrons in our system the magnetic field separation
is AB = 3.6 uT. With the gradient measured with a current of 1.54 mA this results in a 3.6 nm

resolution for imaging electrons.

4.6 INCREASING CURRENT

The measurements were performed ata relatively low current of 1.54 mA in order to minimize over
heating of the device. A destructive measurement was performed where ODMR was measured at
increasing current, Fig 4.7. When working with higher currents a longer wait time was set between
consecutive ODMR repetitions and was set to 8o ps with the current on time set to 1 us. This was
added due to apparent shifts in the measurements when working with higher currents, and was
noticeable when measuring the AFM extension at contact (equivalent to the distance between the
tip to the surface) that detected a shift in the location of the tip, presumably due to heating. First,
ODMR atasingle point was measured for increasing currents under 10 mA, since according to the
heating simulation (Sec. 3.1.1) such currents are safe. The measurement shows a linear increase in

the magnetic field, this is expected from the linear dependence on current in Biot Savart (Eq. 3.2).
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Figure 4.7: Measurement of magnetic field done at a single point as a function of increased current.

In order to measure the magnetic field gradient, line scans were performed also at increased cur-
rent, and are shown in Fig. 4.8(left). The line scans show a similar trace with gradually increasing
slope. The gradient was calculated from the slope of each curve. A second series of line scans was
performed at currents up to 15 mA (see Appendix C.3) that showed the tip failed at a current of
14.2 mA after two ODMR measurements. The gradient at higher currents was also calculated and
the combined measurements are shown in Fig. 4.8(right). The figure shows a change in the trend
of the gradient that is associated with the two different batches of line scans, indicating there was
a shift in the points scanned along the line between the two series. Using the highest current a
gradient of 3.7 uT/nm was achieved. Although this is the highest gradient measured it is not the
highest gradient that can be achieved with the CFD. Both the simulations and the measurements
demonstrate that the maximal gradient must be measured at the optimal lateral location. Addi-
tionally there is a linear dependence between the current and the gradient. Thus the maximum
current that can be achieved is calculated from the gradient measured at 1.54 mA scaled to the
maximum current measured, i.e 13.4 mA, (0B/0x) . = %”—w - (0B/dx);, = % . 0.955—; = 8.27;—;.
This gradient is above the required 3.6 L required for electron imaging and making it practical for
nanometer resolution imaging.

In fact, the low-current ~ 1 pT/nm gradient can already distinguish between spin labels, for
example, spaced 4.8 nm in a molecular ruler'**, with a Larmor precession frequency difference
between them of 134 kHz, as mentioned above, our gradients can be as high as 8.3 uT/nm. Ad-
ditional improvement can be achieved by combining the gradient field with protocols that have
demonstrated resolution as good as ~ 1A 2335, Alternatively, the tip itself can be optimized fur-

ther to improve both geometry and heat load, which may provide a better magnetic gradient.

4.7 TIP-INDUCED RABI POWER MODULATION

The geometry used here, i.e., where a metallic tip is placed above the diamond while a metallic

microwave waveguide is placed below it, is shown to affect the NV Rabi period dramatically. We
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Figure 4.8: Magnetic field and gradient as a function of current (left) Magnetic field along a line scan where the maximum

current is expected, scans are performed at increasing current. (right) The magnetic field gradient measured as a function of
increasing current. The gradient was calculated from the line scan.

observe that by a proper positioning of the metallic tip, the Rabi oscillations’ frequency (Q, the
Rabi driving power) can be increased for a set MW power applied to the waveguide. Fig. 4.9 shows
two sets of measurements demonstrating this effect. First, we scan the distance to the diamond
surface for a set lateral position and show a relative, ~3.5-fold increase in Rabi power (Fig. 4.9a).
Next, Fig. 4.9(b) shows a lateral scan where the tip is set to a distance of 156 nm from the surface,
and we plot the ratio between the measured Rabi power, Q, and the Rabi power when the tip is
far-away from the NV, Q,. Here, there are three noticeable regions - (1) the far-field where the
Rabi power is unaffected and equal to the baseline Rabi power as measured without a tip; (2) an
enhanced region where the Rabi power increases relative to the baseline, and; (3)a third region
where the Rabi power is significantly weaker relative to the baseline.
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Figure 4.9: Tip-induced Rabi power modulation. (a) Normalized Rabi power (Q / Q) measured for a specific lateral tip position
while varying the vertical distance to the surface. Each Rabi measurement is fit to 4e~# cos (2zv¢) which gives the Rabi period
and errors in the plot. Our model (orange curve) shows a similar behavior, with a slight deviation for the closest points. (b) Rabi
power as a function of the tip’s position relative to the position of the NV, divided by the Rabi power when the tip is far-away
from the NV (Q/Qo), while the distance to the diamond is set to be 156 nm. (c) A simultaneous AFM scan of the diamond surface

where Rabi oscillations were measured. The two raised regions are the nanopillar shape etched in the diamond. The NV used for
the measurements is in the lower pillar.

The observed modulation of the Rabi power is due to the metallic tip modulating the magne-
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tostatic near-fields that interact with the NV center. Since these are near-field interactions, the
modulation’s strength is very sensitive to the tip’s position. A detailed analytical model, represent-
ing the tip geometry using oblate ellipsoids is given in Appendix D. The contours in Fig. 4.9(b) are
iso-power lines calculated according to the model, and are in agreement with the experimental data.
Our model also qualitatively captures the vertical distance dependence (orange line in Fig. 4.9(a)).
When simplifying each ellipsoid to a single point dipole, the data can be fit by a z/(2* + %)/ be-
havior (green curve in Fig. 4.9(a)), where z is the tip’s vertical distance from the NV and 4 is the
lateral one.

The Rabi power modulation is important in several aspects, as working with a larger Rabi fre-
quency provides shorter pulses necessary for more accurate dynamical decoupling sequences??.
Using the tip as a method of increasing the Rabi power, one does not need to “pay the price” of
thermal management due to increased MW power. When working with the tip, this is particularly
valuable since the MW heating can shift the sample when working with strong power.

These measurements were performed without running current through the tip and are inde-
pendent of the induced magnetic field. The Rabi power gradient itself, without a current through
the tip, can serve as a tool to image spins, since such a large difference in Rabi powers will make it

possible to address spins only in a specific region (of the same Rabi power).

4.8 DiscussioN

We introduced a magnetic-field gradient on an AFM tip, which can be pulsed with rise/fall times
shorter than 600 ns. This is achieved using a three-step self-aligning deposition process, effectively
creating a focused current at the apex of the tip. Usingan NV center as a local magnetic sensor, we
demonstrated gradients as strongas1 puT nm™, which can be even further increased eight-fold with
a stronger current. Our proof-of-principle of the gradient enables, already now, nanoscale mag-
netic resonance imaging of proximate unpaired electrons spins in, e.g., a molecular ruler. More-
over, this metallic tip can also serve as a means to locally modulate the driving field around both the
target and sensor (NV) spin, yielding an enhancement of x3.5 in the spin’s Rabi driving power.
The spatial variability of the Rabi power is and of itself a gradient source for future magnetic res-
onance imaging in nanometer length scales. The geometry of the tip (apex shape and diameter),
as well as a choice of deposited metal and the substrate material itself, can all be further optimized
for an overall higher gradient. Specifically, when working at cryogenic temperatures, a supercon-
ducting material can support larger current densities'*# (and no Joule heating), the tip’s quartz
substrate can be replaced with sapphire or diamond for better heat dissipation 5, and optimiza-
tion of the apex geometry while taking into account Joule heating can yield higher magnetic field
gradients in proximity to the tip.

The current focusing device offers several advantages, overcoming the limitations of existing
nanoMRI techniques. First, the ability to pulse the current allows for different magnetic fields
during spin manipulation, readout, and initialization, providing optimal NV contrast as defined
by the diamond lattice eigenstates. Second, the magnetic field induced by the tip is small relative
to the external field and the zero-field splitting, meaning only minor shifts are expected, and so
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the effective Zeeman energy remains largely unchanged when switching between measurements
with and without the field from the tip. The possibility to co-align the tip with an arbitrary NV
also holds advantages to sensing when working with single NVs. With the geometry presented
here, a sample can be placed on the diamond surface in a statistical manner, and once an optimal
NV is identified, the gradient can be applied locally around the specific NV, targeting spins and
creating a spectral separation between them in Larmor frequency, in the NV’s immediate vicinity.
Additionally, the current source can also reverse the direction of the magnetic field, enabling the
application of gradient pulse sequences similar to those used in conventional NMR *2627,

The tip combines two critical features for immediate application in nanoMRI, namely control
over the temporal and spatial magnetic field. By working at the upper current limit, we can achieve
the gradient necessary for nanoscale imaging. The device thus overcomes the limitations of alter-
native methods, enabling high-contrast spin read-out with an arbitrary choice of the working NV
and of sample placement. Going beyond nanoMRI, we envision our scannable tip with a switch-
able local magnetic field gradient as a useful tool in active and passive characterization of materials,

e.g., (anti)ferromagnets, superconductors and more exotic magnetic phases of matter.



Surface magnetic Sp@CtI’OSCOpy

All knowledge of reality starts from

experience and ends with it

Albert Einstein
On the method of theoretical physics

The ability to use magnetic resonance detection to surfaces at the nanoscale offers new opportu-
nities in surface science such as self-assembled monolayers (SAMs) which play a central role across
a wide range of fields, from energy storage ** to medical devices'**"3°. NV-based magnetometry
provides a unique tool for probing magnetic properties, both coherent and fluctuating fields, at
the molecular level with high spatial resolution and sensitivity, as discussed in Sec. 1. Conven-
tional magnetic resonance does not detect at nanoscale layer resolution, and alternative surface
techniques*** do not detect the magnetic signal of the sample. However, realizing this potential
requires addressing two fundamental challenges: (1) forming the monolayer sufficiently close to
the NV center, as magnetic signals decay with distance (Eq. 3.2) as does the dipole-dipole inter-
action (Eq. 2.13), and (2) identifying and interpreting the magnetic signals originating from the
sample.

In this chapter, I investigate several chemical approaches for forming well-ordered SAMs in the
vicinity of the diamond surface. These methods aim to produce a uniform monolayer with a stable
chemical attachment to the substrate. Following this, two experimental studies are presented. The
firstaims to detect electron spins bound to the monolayer, with the long term goal of characterizing
local surface properties such as spin density, layer thickness, and molecular uniformity. The second

study investigates the CISS eftect, introduced in Sec. 1.3, by forming a chiral monolayer on the
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diamond and attempting to detect magnetic fluctuations associated with the molecular adsorption
on the surface. This phenomenon arises in SAMs of chiral molecules that consist of a monolayer
of molecules adsorbed onto a surface, with uniform orientation. Detecting CISS using NV centers
offers a unique approach to probing surface interactions at the nanoscale.

Together, these efforts contribute to the advancement of surface-sensitive magnetic resonance
at the nanoscale, while also highlighting the experimental challenges that remain in bringing such
techniques to maturity.

This chapter has three parts. First, in Sec.s5.1, I will present the different techniques attempted
for SAM preparation, and then, I will discuss the measurements done on two samples, a spin rad-
ical SAM in Sec. 5.2 and a SAM of chiral molecules in Sec. 5.3.

5.1 SURFACE METHODS

To study magnetic resonance of surface samples one needs to create the SAM in the vicinity of the
diamond, as mentioned, the signal decays with distance. This can be done either directly on the
diamond or using a scanning tip configuration. Itis possible to adhere the molecules directly to the
diamond surface yet it is chemically challenging (see Sec. 1.2), and so there is motivation to explore
alternative methods. In the following section several methods for surface sample preparation on
diamond are presented. The focus on the CISS effect motivated the choice for the peptides used
to form the monolayer in most of the methods.

§5.I.1 ADHERING TO A METALLIC SURFACE

A common method ™ to create a SAM uses a gold surface which creates a bond with the thiol
(sulfur group) at the end of the molecule that forms the monolayer surface. I attempted this on the
diamond by depositing a thin layer of gold on the diamond and preparing the SAM on this layer.
A recent study *** examined the effect of copper deposition on the properties of the NV centers
and showed that for deep N'Vs (>10nm) in an ensemble the properties are good for sensing and
that adding a buffer layer of Al,O; improves stability.

To create the metal layer E-beam deposition was used to deposit 2 nm Ti followed by 6 nm Au
on the diamond. The surface was then cleaned with ethanol, acetone and UV-ozone cleaning prior
to incubating the sample overnight in a solution with chiral peptides containing a thiol tail, ((Ala-
Aib),-MPA), to create the SAM*. XPS measurements confirmed the formation of the peptide
layer on the diamond and measured the thickness of the organic layer to be 2.9-3.3 nm.

Two challenges were met when attempting to detect the NVs with the gold-coated diamond in
the confocal microscope. First, the gold created very high background fluorescence, such that it
was challenging to see the N'Vs above the background. Second, and more importantly, the NVs
were quenched (i.e., transitioned from NV~ to NV?), and could not be detected in the confocal
microscope or in correlation measurements and the NV can no longer be used as a quantum sensor.
This is possibly due to the broadband structure of gold’s optical spectrum**+'35. An attempt to
mitigate this effect was done by adding an insulating buffer layer of SiO2 with ALD. This was

tested with different thicknesses - 2 nm, 5 nm and 8 nm followed by 2 nm Ti and 6 nm Au. In
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these samples N'Vs were detected yet there were fewer N'Vs than in the bare sample. I hypothesize
that the N'Vs that were found to exist were relatively deep in the lattice, and so the metal layer less
affected them. Thus, there is a catch-22: N'Vs must be a few nanometers below the surface to sense
molecules, yet the N'Vs that are close to the surface are quenched. For this reason, other methods

were attempted.

5.1.2 SAM ON OXIDE

Here, I demonstrate the formation of a monolayer bonded to a thin layer of SiO, oxide on the di-
amond. This method opens the door to well-established chemical processes for monolayer forma-
tion 3¢ on glass-like surfaces. Unlike direct bonding to the diamond, silane chemistry 371383914
is robust and used across biology and chemistry for vast research questions+-*2%3¢_ As a proof of
concept for single NV sensing, we attempt to detect the free electron from a spin label attached to
a monolayer on the SiO, layer on the diamond.

To this end, we prepared a SAM with a spin label on a 2 nm SiO, layer deposited on the diamond
surface. First, atomic layer deposition (ALD) is used to create a 2 nm SiO, layer. Silane chemistry is
well established for creating a monolayer on this surface, using APTES ((3-Aminopropyl)triethoxysilane)
where SiOCH; bonds to the surface*¢ and, under correct conditions, forms a monolayer. This
creates an amine (NH,) tail which is available to react with the sample molecule. The free radical is
introduced in the form of a spin label which has an NHS ester on one side. The NHS ester interacts
with the amine on the surface, leaves the molecule, and allows the radical portion to bond to the

surface, see Fig. 5.1. Measurements on this sample and the full details of the process are presented

below in Sec. 5.2. During the process of this study a similar work '+* was published which examines
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Figure 5.1: Chemical process for attaching the spin label radical to the diamond surface. First, ALD is used to apply a 2 nm layer
of SiO, on the diamond. Then, in step one a monolayer is created on the surface using APTES. This creates an amine layer on the
surface which is available for molecular bonding. The radical is then attached via NHS-ester amine chemistry, leaving the radical

attached to the diamond surface.
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the NV coherence under the effect of immobilization of biomolecules on Al,O5 on diamond and
similarly using APTES to link a desired molecule.

5.1.3 BONDING THE PHOSPHORUS TAIL TO AL,O;

In order to study chiral molecules, one can use an alternative method instead of thiol bonding
to gold, namely, a phosphorus tail that bonds to Al,Os; this similarly forms a monolayer. This
method was similarly used by Liu et al. #5 where an ensemble of N'Vs are used to detect the NMR
signal from a monolayer. The main caveat in this route is the need to specifically synthesize the
desired molecule thus the technique may be less robust. With this method ALD is used to create
a thin alumina oxide layer on the surface and the molecule is bonded covalently to this layer +>.
This technique was implemented using chiral molecules that form a SAM and the measurements
done with the NV are presented in the section that follows (Ch. 5.3). The effect of alumina on
the diamond surface was studied by Henshaw et al. 3 and Kumar et al. "#+. The first work showed
that relaxation time 77 and coherence time 75 are mostly unchanged due to alumina deposition.
The second examined the charge state stability under alumina deposition and concluded that the
deposition improved the stability and reduced degradation that is associated with laser illumina-

tion.

5.1.4 MOLECULES ON THE TIP

An alternative to placing molecules on the surface is to leverage the gold-coated tip and the AFM,
which is incorporated in the NV setup. This has the advantage that it is simple to conduct an
experiment along with a control experiment. When placing a sample directly on the diamond, one
needs to consider the noise from the diamond surface itself. The surface of the diamond is a source
of noise*#, and it is modified during surface treatments, which are employed when placing and
removing a sample from the diamond. Change in the noise can mask a measured effect and care is
taken to avoid artifacts. Placing a sample on a tip overcomes this challenge as one can measure with
the tip in the vicinity of the NV and then repeat the measurement'*® with the tip retracted from
the surface without modifying the diamond. The tip developed in this work is coated with a gold
layer that can be used to create a SAM leveraging the thiol bond as mentioned above (Sec. 5.1.1).
A process for creating a SAM on the tip was attempted and studied with AFM but was not utilized
for sensing. A gold-coated tip was incubated in a peptide solution ((Ala-Aib),-MPA in tri-F-OH,
1 mg/ml) overnight. After removing the tip from the peptide solution, it was washed in solvents
to remove residues. The surface of the tip was examined with AFM and a scratch test was done to
test the layer thickness. The measurements showed a molecular layer was formed on the tip with
a thickness of ~ Snm. At this time, an attempt to measure the sample on a tip with the NV has
not been done yet. Nevertheless, given the success of incorporating the tip in the NV setup and,
specifically, the ability to align the tip to a working NV makes this technique possible for future

research.
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5.1.5 DISCUSSION

Here I presented several methods to bond molecules to the diamond surface. The two methods
using a thin intermediate oxide layer deposited on the diamond stand out as being practical and
robust. Both are conceptually similar in that they avoid direct formation of the monolayer on
the diamond and leverage existing methods for SAM formation. Using Al,O; utilizes a phospho-
rus tail in the bonded molecule and may require specific synthesis yet the monolayer process is
straight forward and robust. Using SiO, as the oxide layer required an additional surface process,
the APTES layer which acts as an adapter the desired molecule which has a tail which can bond to
amine. Once the SAM formation is established the second challenge remaining is the detection by

the NV and specifically by a single NV giving local nanoscale sensing capabilities.

5.2 MEASUREMENTS ON ELECTRON RADICALS

Measuring magnetic resonance signals from a monolayer with nanoscale resolution can provide
a useful tool for fundamental research. However, as discussed in Sec. 1.2, combining monolayer
formation with single-NV measurements presents unique challenges. First, the monolayer must
be formed robustly—with high surface coverage and covalent bonding to the surface, resulting in
a monolayer where the molecules are aligned. This is accomplished here by following the silane
method discussed above (Sec. 5.1.2) and introducing a SiO, bonding layer. The second stage is de-
tecting the magnetic resonance signal from the sample to demonstrate the validity of the detection.
This requires overcoming obstacles such as the added distance between the NV and the monolayer
and detecting the signal above the background magnetic noise that is native to the diamond.

As a proof of concept towards sensing the magnetic signal from a monolayer using a single NV,
we demonstrate the formation of a monolayer on SiO,, to which a free radical is covalently at-
tached. This radical is a free electron which is expected to couple to the NV with the dipole-dipole
interaction, Eq.2.13. Such free radicals can be used as spin labels in future work to mark spe-
cific molecular sites and study molecular dimensions and configuration. Studying this spin-labeled
monolayer with ESR techniques will allow us to probe the structure and configuration of molec-

ular surfaces. The method and results are presented in the following sections.

5.2.1 BACKGROUND

Measuring the signal of the spin-labeled SAM is done by detecting the signal from the free electron,
i.e. the radical, in the molecule. The pulse sequences used are DEER and DEER-7 where an MW
pulse is applied to the auxiliary electron spin, see Sec. 2.2.1. In the DEER signal, the frequency of
the pulse to the electron is swept, and a dip in the NV contrast is expected if there is an electron in
the NV environment. This measurement confirms the existence of an electron spin that is within
the detection volume of the NV. In a DEER-7 measurement the frequency of the MW pulse to the
auxiliary spin is constant and the pulse length is swept, driving the auxiliary spin. For the DEER-~
signal, a stretched exponential decay A{z) = Ae=/ “ is expected on top of the decay of the Hahn

echo (as discussed in Ch. 2.2.1). Several works?#3¢ pointed to the importance of the exponent
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of the decay highlighting that spin populations with different statistical properties are expected
to have a different power law®°. For a normally distributed 2D density of spins, the exponent is
expected *® to be 8 = 2. For these statistics, the density of the detected spins can be deduced from
the decay rate.

o () V3maph (5.1)

47/ 8d%,
Here ¢ is the density of the probed spins, y, is the gyromagnetic ratio, 4, is the NV depth. To
calculate the density the NV depth is needed, this can be experimentally measured by probing
a material with a defined proton density. The evolution time in a Hahn echo or DEER-7 pulse
sequence is equivalent also to the sensing radius, at longer times, larger radius is integrated and
further spins are detected *°. The spin radical layer is evidently placed further from the surface and
this may affect its signal. In addition, it may have different statistical properties. I expect it to be
bound to the APTES, yet it may have some motional freedom along the bonds. In contrast, the
free electrons have been shown to have statistical properties that implies hopping from one site to
the next*®. These differences may be revealed in the decay rate (Eq. 5.1).

§.2.2 SAMPLE PREPARATION

A diamond membrane, from Element Six, with s keV implantation, polished and cut to the di-
mensions 2 mm X 2 mm X 30 pm is used for the experiments. First, the diamond is cleaned by
boiling in a tri-acid solution (sulfuric acid, nitric acid and perchloric acid at a ratio of 1:1:1 heated
to 150°C) overnight. This removes most residues from the diamond surface?®3#'°5 and changes
the chemical bonds at the surface*>#+. For some samples, this was followed by oxygen annealing
at 450°C for 4.5 hours, aimed to increase the oxygen surface termination and reduce trapped elec-
tronic states**. Next, atomic layer deposition (ALD) is used to prepare a 2 nm layer of SiO, on the
diamond surface. The ALD is performed at 200°C, with 30 cycles. To create the silane layer, the
sample is then placed in piranha solution (2:1 sulfuric acid and hydrogen peroxide) for 30 minutes
for cleaning to achieve a hydroxyl saturated surface for better silane attachment'#. The sample
is then placed in a solution of APTES ( (3-Aminopropyl)triethoxysilane ) in anhydrous toluene
(1:100), and left in a gentle shaker for one hour. Finally, the spin label is attached by placing
the sample in a solution with 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-carboxylate NHS ester (see
Fig. 5.1) which bonds to the amine on the SiO, surface. To remove the radical, the sample was
placed in HF for ro minutes. This is intended to remove the SiO, layer along with the molecules.

For final cleaning, the tri-acid boiling is repeated.

5.2.3 CONFIRMING CHEMICAL PROCESS

The chemical process itself was developed as part of this work and as such we first confirmed the at-
tachment of the spin label to the surface and the formation of the mono-layer. XPS measurements
were performed on a diamond with the sample and on a diamond after cleaning to ensure the ma-

terial was removed. XPS was performed twice with two different molecular samples attached to
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round 1 round 2
molecule attached NHS ester radical | sulfo-SMCC
SiO, thickness (nm) 4.5 1.75
APTES plus molecule thickness (nm) 2.2 1.2

Table s.1: XPS results confirming the chemical process to create the monolayer on the diamond surface. The process was

performed twice with two different molecules attached to the APTES as noted in the table.

Sample | Average counts
Control 270

Test 1 1177

Test 2 1253

Table 5.2: Comparison of the fluorescence signal when chemically bonding the fluorescent molecule to the diamond vs. a
sample without chemical bonding. The test sample is a diamond with SiO, deposition, followed by functionalization with APTES
then incubated with the fluorescent molecules, giving the following layers Cy3B-PA63101/APTES/SiO,/diamond. Two samples
were prepared in a similar manner for statistical control. The control sample is a diamond with SiO, that was incubated with the

fluorescent molecule, giving the layers Cy3B-PA63101/SiO,/diamond.

the APTES layer. The thickness results vary between the two repetitions yet both confirm that the
APTES layer was formed and that the molecule was attached to the APTES, see Table s.1.

Additionally, confocal measurements were performed to test that the chemical process done
resulted in the molecule bonding to the surface. A fluorescent molecule with an NHS tail (Cy3B
- PA63101) was attached to a diamond with an APTES layer following a similar process to that
described above. A control sample without APTES was prepared, where the sample was incubated
with the fluorescent molecule and washed to test for physical adhesion. The photon counts were
measured in a confocal microscope and were averaged in several areas in the sample and control,
the sample showed ~4 times the number of counts relative to the control (see Table 5.2) indicating
the fluorescent molecule attachment to the diamond with the APTES.

5.2.4 ELECTRON RADICAL SENSING - RESULTS

After sample preparation, measurements are done to detect the spin radical, i.e., the free electron
that is attached to the surface using the NV center. The measurements were repeated on the dia-
mond also after it was cleaned. The signal from the spin label SAM is compared to a background
signal from the bare diamond to test if the electron signal originates from electron spins native to
the diamond or from the SAM.

The magnetic field is aligned to the NV and chosen such that the expected signal of a free elec-
tron, f = y,B, and the NV f = D — y B are well separated such that a pulse at the free electron
peak is off-resonance for the NV spin. The frequencies are also chosen to be separated by less than
400 MHz such that the bandwidth of the AWG will include both signals. First, we examine a ref-
erence sample of a bare diamond, see Fig. 5.2. Ideally, this sample will not exhibit a dip at the free
electron frequency in the DEER signal. However, the signal from the bare diamond showed two
dips in the DEER signal, the free electron and the NV. This indicates that there is a free electron

in the NV environment also without any sample on the diamond. The signal dip that is associated
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with the electron frequency was also apparent after oxygen annealing, indicating that there are sur-
face electrons on the bare diamond. These electrons must be considered when understanding the
signal from the diamond with the radical attached to the surface. For this reason, we examine the
DEER-7 signal from the sample with the radical and see if there is a difference in the decay rate
with and without the added radical sample.
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Figure s.2: Signal from a bare diamond after tri-acid boiling and oxygen annealing when applying a DEER pulse sequence that
sweeps the frequency of a pulse applied to the electron that is sensed. Two peaks are seen - one is associated with free electrons
and the other with the NV.

The background decay of the DEER-7is a hahn echo decoherence of the NV, this was measured
for the sample with and without the spin labeled SAM. The results of one such NV are shown in
Fig. 5.3(a) where it is seen that the decoherence is faster under the effect of the added SAM (orange
curve). This is associated with magnetic noise from the added organic SAM and is not specific to
the free electron in the SAM. The signal that is specific to the free electron is measured with the
DEER-7 sequence which drives the electron with a resonance pulse. The effect of the electron de-
cay is expected to add an additional decay or oscillation on top of the general Hahn echo decay3+.
The results for such a DEER-7 pulse measured at one NV are shown in Fig. 5.3(b). The measure-
ment shown a change in the decay rate yet oscillations are not observed. Moreover the change seen
in the Hahn-echo can explain the change in decay time seen in the DEER -7 measurement meaning
the change is not necessarily due to the electron in the SAM. This was repeated for ten N'Vs that
were sampled, the results showing the decay time for each NV for both the Hahn echo and the
DEER-7 sequence are summarized in Fig. 5.4. Each curve is fit to a decay y(¢) = 4=/ ' where 7
is the decay rate and £ is the stretched exponent factor. Examining the decay rates, there are some
NVs with no change, while others show a decreased decay rate.
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5.2.5 DISCUSSION

In this study, we anticipated that the NV signal would be influenced by the presence of free elec-
trons associated with the spin labels in the SAM, ideally manifesting in the DEER-7 measurement
as a characteristic oscillation superimposed on the general decay curve, as previously reported in
similar contexts?*+. However, a complicating factor emerged: a background signal from surface-
associated free electrons was observed even in the absence of the spin-labeled material. This back-
ground complicates the interpretation of the DEER-7 data.

In addition to this, the molecular layer itself appears to reduce the NV coherence time (T5),
making it difficult to attribute changes in the decay profile specifically to the electron spins of the
spin label. It remains necessary to disentangle the various contributions to the DEER-t signal—
namely, those arising from surface-bound free electrons, the targeted radical spins, and nuclear

spins associated with the molecular monolayer.
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Figure 5.3: Comparing the signal from a single NV from the diamond without (labeled clean) and with the spin radical SAM

sample. Two pulse sequences were applied: first (a) Hahn echo pulse sequence, followed by (b) "DEER-7" pulse sequence.

(a) (b)

m clean 20 - m clean
radical radical
40
—~ 15 A
0 El
=3 ~
; 301 [0
2
E e 1L
>
g § 101
(7 © I
T 20 A b
c ;
o
5 i I I
z a
51 me
II II
T
o = i
T T T T T T T T T T
ROI1 ROI1 ROI1 ROI1L ROI2 ROI2 ROI2 ROI2 ROI2 ROI2 ROI1 ROI1 ROI1L ROI1L ROI2 ROI2 ROI2 ROI2 ROI2 ROI2
NV1 NV8 NV9 NVI1  NV_1 NV.2 NV.3 NV.4 NV_7 NV_13 NV1 NV8 NV9 NV11 NV.1 NV.2 NV.3 NV.4 NV.7 NV_13

Figure 5.4: Hahn echo and DEER-7 pulse sequences were measured for a series of 10 NVs. Each curve was fit to an stretched
decaying exponent and the decay rate was extracted from the fit. Comparing the decay rate of the NV with (labeled clean) and

without the spin radical sample (labeled radical). (a) Hahn echo pulse sequence (b) DEER-7 pulse sequence.
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While complementary techniques such as XPS and confocal imaging confirm that the surface
functionalization was successful and that spin-labeled molecules were deposited on the diamond,
the specific magnetic resonance signal from the radical spin label remains unresolved. The DEER
measurements did not reveal a clear difference between the bare diamond surface and the function-
alized surface, leaving the initial challenge of measuring surface-bound electron spins unresolved.

We believe that isolating and removing the contribution of surface charges is critical to enabling
the detection of spin labels via NV sensing. One potential approach involves improving the oxy-
gen annealing, which has been shown to reduce surface charge densities. Preliminary results in
this direction are encouraging, though further work is required to confirm their effectiveness and

reliability.

5.3 MEASUREMENTS ON CHIRAL SAM

Investigating the magnetic signature of the Chiral-Induced Spin Selectivity (CISS) eftect using
NV-based sensing is of interest in the effort to understand the nature of CISS#755*4¢. The CISS
effect, which links molecular chirality with spin-dependent transport and magnetic behavior, has
been extensively studied in systems involving current flow (photoemission*® and molecular junc-
tions*°) and magnetic substrates’* (see Ch. 1.3). However, the possibility of detecting CISS-related
magnetic fluctuations in the absence of these external stimuli remains less studied. NV centers,
particularly near-surface single N'Vs, offer excellent sensitivity to local magnetic fields and are well-
suited for probing surface-level interactions at the nanoscale. Here, I aim to measure the magnetic
fluctuations that arise due to the adsorption of chiral molecules directly on the oxide surface above
the diamond. This is done without an intermediate magnetic material and without applying cur-
rent to the molecules, thereby enabling a minimally invasive and purely passive sensing approach.
The detected signal, i.e., magnetic noise fluctuations, also difters from the standard CISS detec-
tion and as such can lead to new insight regarding the effect. The measurements done on chiral

molecules that form an SAM, along with the method details, are presented below.

§.3.I SAMPLE PREPARATION

The diamond sample used was purchased from QZabre AG, with single NVs randomly distributed
in a pillar array, the implantation energy is 5 keV, resulting in an implantation depth of 8+3 nm.
The diamond was purchased after itis etched to have a pillar array to enhance photon collection '#7.
A 2 nm layer of Al,O; is deposited on the diamond using ALD, 20 cycles at 180° C with trimethy-
laluminium (TMA) used as the precursor. The chiral molecule used to form a SAM is (Ala),-(Lys-
(Ala),)4-Lys-Ala-(Mini-peg)-Ser(OPO;H) at a concentration of 1 mM in a 1:1 solution of ace-
tonitrile and water. The diamond was incubated in the solution for 6o hours and finally washed
in acetonitrile and water 1:1 solution. It was then placed in the NV confocal setup in a helium
exchange gas environment. After measuring, the sample was cleaned to remove the alumina along
with the molecular layer. For cleaning the sample was placed in 5% NaOH solution in methanol

for 6o hours, and finally washed in methanol. XPS measurements, see Table 5.3, confirmed the for-
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Layer region 1 | region 2
Al,O; thickness (nm) 1.46 2.3
Organic monolayer thickness (nm) 2.1 2.45

Table 5.3: XPS measurement done on a sample consisting of a silicon wafer base with 2 nm ALD deposition of Al,O3 with chiral
monolayer ((Ala);-(Lys-(Ala)s)4-Lys-Ala-(Mini-peg)-Ser(OPOsH)). The thickness of the alumina and the organic monolayer were

calculated using the XPS data. This confirms the formation of the monolayer and is a measure for the layer thickness.

mation of the SAM on the diamond, the XPS was performed on a sample prepared on a diamond
without implantation and etching.

5.3.2 NOISE SPECTROSCOPY MEASUREMENT ON CHIRAL SAM

Noise spectroscopy was performed using the 7; and 75 pulse sequences (Ch. 2.2.1), each was mea-
sured at three different magnetic fields (roughly 120 G, 290 G, 475 G, slightly differs for different
NVs) that were aligned to the NV axis. At each field the measurement was done for both transi-
tion frequencies, |0) to |—1) and |0) to |1). For 7; relaxation, the filter function depends on the
transition resonance frequency (see Ch. 2.2.1), as such the two transitions may give different re-
sults. For 75, the signal filter function is independent of the Larmor frequency (see Ch. 2.2.1) and
is expected to be similar for both transitions. To observe the effect of the chiral sample a reference
measurement was done on the sample before forming the SAM. First, the diamond with Al,O;
was measured, then the SAM was bonded to the surface and NV measurements were repeated with
the chiral SAM. The signal was measured for several N'Vs since it is expected that the results will
differ from one to the other depending on the depth of the NV, the noise around the specific NV
and possibly the uniformity of the molecular layer.

The measurement shown in Fig. 5.5 shows a consistent decrease in 77 under the effect of the
SAM. This decrease was seen for several N'Vs, yet not for all (Fig. C.5). The NV used in Fig. 5.5
showed a decrease in 75 at 500 G yet this was not observed broadly and so is inconclusive. The
consistent difference in relaxation time, 7}, indicates that there are fluctuations in the magnetic
field in the frequency range of the Larmor frequency (~ 1 — 4 GHz), and these fluctuations are
related to the chiral sample on the surface. Interestingly, the chiral molecules are not magnetic '+,
although they display magnetic like properties+, and there is no additional magnetic material on
the sample’3. Albeit this, the molecules at the surface cause magnetic fluctuations detected by
the NV. This measurement is a different way to observe CISS compared to standard transport

measurements and as such can give new insight as to the CISS phenomena.

5.3.3 DISCUSSION

The interaction can be described within two conceptual frameworks: direct and indirect interac-
tions. A direct interaction requires the presence of a term in the NV center’s Hamiltonian that
is influenced by the chiral molecule. This can occur if the molecule exhibits magnetic properties,
either static or fluctuating, that directly couple to the NV. Alternatively, an indirect interaction
may arise if the chiral molecule affects nearby spins, which in turn interact with the NV center.
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As discussed in Chapter 5.2, the NV is known to couple to proximal surface electron spins, which
may themselves be influenced by the chiral molecule. This mechanism is expected to occur due
to Chiral-Induced Spin Selectivity (CISS) and may provide insight into the observed eftects. The
effect of CISS by adsorption of chiral molecules on a ferromagnetic surface has been shown to
induce magnetization’*. Here, it is particularly interesting that the surface interaction is between
the chiral molecule and an oxide, as opposed to a ferromagnet or a metal which was suggested to
be involved in the CISS interface mechanism®. Additionally, there is no current or voltage ap-
plied to the molecules which could mediate the molecule to surface interaction. Given the open
questions regarding the underlying mechanism of CISS observing the phenomena under differ-
ent conditions can lead to new theoretical insight. A conceptually similar measurement was done
with NV centers where a surface interaction was shown with graphene on the diamond surface .
There, it is suggested that the interaction is mediated by surface electrons which interact with the

graphene, and it is these electrons that the N'Vs sense with the coherence measurement.

(3) o104 } } A203,0785:0.0076 | (€) } b AI203,2.4140.168
} J b SAM, 0.102+0.0115 0.10 - }  SAM, 0.455+0.0527
01254 —opomeoJ }A
F f\‘*\ 0.08 -
0.100 - f- -f- ‘Tl» r\}
AL X
\+\ \t 0.06 -
0.075 - * L \
\ } 0.04 -
0.050 - \}\ \\
R {\ 0.02
0.025 1\ \*
*\} L \i } 0.00
0.000 -~ +____:\_-_}__;
} } + ~0.02 -
—0.025 -
y ! T T —0.04

.
1072 1072 107! 10° 10 0.0 25 5.0 75 100 125 150 17.5
msec Hs
(b) mm AI203 (d) . A203
141 — SAM m— SAM
2.5
1.2
= 104 5 201
£ 2
o [
£ 08 g 1.5
g g
5 3
0.6 =
= = 1.0
0.4
0.54
02
0.0 0.0
& & & & & & & > & & &
(::\«Q‘e o\PQQ 0\6‘; (,QQQ 0\04‘ (,\\QQ o\.dxx o?QQ 0\-6“ OQQQ 0\@‘
o o o &) o o o
Y N Y o N s o % Ky X N

Figure 5.5: Relaxation measurements using the pulse sequence for 77 and T, are shown for an NV where the effect of the
SAM is apparent for 77. (a) An example of a single trace from a 7; measurement, the decay rate with the SAM is shorter. (b)
Combined 77 data measured on a single NV at different magnetic fields and at both transition frequencies. Data labeled upper
was measured at the |0) — |1) transition frequency and data labeled lower was measured at the |0) — |—1) transition frequency.
(c) An example of a single trace from a T, measurement at 500 G at the lower transition frequency showing a decrease in 7. (d)

Combined 7, data measured on a single NV at different magnetic fields and showing both transition frequencies.
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5.3.4 RoOAD MAP

To gain a comprehensive understanding of this effect, a theoretical model is required to provide
insight into the underlying phenomena. Additionally, further measurements can assist in order
to obtain a complete picture. I propose complementary measurements that can contribute to the
development of such a model.

To systematically investigate these possibilities, the following experiments are proposed:

1. Control experiments on chirality: Measuring a non-chiral sample will confirm whether
the observed effect is indeed due to chirality. It is possible that the noise is due to additional
surface spins and this must be ruled out. Measuring on both left- and right-handed chiral
samples is also a possible route. Yet, this is not expected to have a different result. The mea-
surement with the NV detects noise fluctuations and is sensitive to the noise squared*?; for
this reason, an interaction with the opposite direction is not expected to have a different

result.

2. Depth dependence: A possible explanation for the observed variation in relaxation time
among different NV centers is their depth within the diamond. To test this hypothesis, it
is necessary to measure the depth®® of both NV centers that exhibited the effect and those
that did not, determining whether the phenomenon is more pronounced in shallow NVs.
Depth can be determined by placing a calibration sample on the diamond and detecting the
NMR signal. This is done using immersion oil as a sample and sensing with a dynamical

decoupling sequence XY-8-n (Ch. 2.2).

3. Magnetic field inversion: Applying a magnetic field and subsequently inverting its direc-
tion could offer additional information. If the interaction reverses upon field inversion, it
would be consistent with the Chiral-Induced Spin Selectivity (CISS) effect. Observing such
a difference would serve as a key indicator for refining a theoretical model.

4. Electric field modulation: Applying an electric field to the chiral molecule polarizes the
molecules and is expected to enhance the effect5*. There are several ways to implement such
an electric field. One option is to deposit an insulating layer of MgO above the poly-alanine
molecular layer and above the insulator to deposit a metal electrode. This may risk quench-
ing of the NV charge state as shown with gold above. Alternative metals such asa copper elec-
trode are possible, yet copper has been shown to reduce relaxation time 7; '** which would
change the baseline for the measurement. An alternative method is to use a metal sheet, such
as a gold-coated glass slide, placed above the diamond as the top electrode. The lower elec-
trode can be the copper waveguide, which sits beneath the diamond. Either method should

take the spin-to-charge mechanism into consideration.

5. Temperate control: The CISS interaction is expected to be enhanced at low temperatures.
As such, measuring the noise fluctuations at low temperature can give more insight to the
interaction. However, working with the cryogenic NV setup is technically challenging, par-

ticularly when attempting to repeatedly measure a specific NV. It is alternatively possible
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to heat the chamber encapsulating the NV and raise the temperature. This is expected to

decrease the CISS effect, such a change can also point to the CISS mechanism.

These experiments will provide essential insights into the nature of the NV-chiral molecule in-
teraction, helping to distinguish between direct and indirect mechanisms and contributing to the

development of a comprehensive theoretical model.
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Discussion

To infinity and beyond!

Buzz Lightyear

This thesis presents advancements in two seemingly distinct areas of nanoscale magnetic res-
onance sensing: nanoMRI and surface sensing techniques. These developments not only push
the limits of high-resolution spin imaging but also provide insights into molecular-scale surface

interactions.

6.1 ADVANCEMENTS IN NANOMRI

The results presented in this thesis demonstrate the successful integration of a current-focusing
device (CFD) with an NV sensor for nanoscale MRI applications. Specifically, I have shown that
the developed tip can sustain a current sufficiently strong to induce the magnetic field gradients
required for high-resolution nanoMRI. The field generated by the tip was localized around an NV
center, with a measured spatial gradient on the order of ~ 1%. This can be further increased by
raising the applied current nearly 1o-fold which is expected to induce a gradient of 8.27%. The
achieved gradient is already practical for nanoscale resolution and the expected high current gradi-
ent can push the resolution further. Additionally, I demonstrated that the Rabi power is modified
in the presence of the tip. An analytical model was developed to account for the currents induced
in the tip by the microwave signal and these cause a spatial dependence of the Rabi power. The
possibility to enhance the Rabi power without additional heating can be leveraged in experiments
where heating is detrimental. In particular, mitigating Rabi-induced heating can help prevent sig-

nal drift, which can be controlled by precise tip positioning. Moreover, the Rabi power spatial
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dependence is an additional gradient effect that may be leveraged to apply spatially dependent
pulse sequences, similar to the gradient in the magnetic field.

These findings suggest immediate steps that can be done to further advance nanoMRI. First,
the demonstrated gradient should be used to image electron spins, particularly those native to
the diamond surface, following the approach developed by Grinolds et al.**. While this work has
established the feasibility of such imaging, an experimental demonstration is a clear next objec-
tive. Another important step is to extend nanoMRI to molecular samples of interest, such as en-
gineered “molecular rulers”*** designed with well-defined dimensions to validate the imaging of
external spins. This capability would open the door to imaging biologically or chemically relevant
molecules with nanoscale resolution.

Beyond resolution improvements, new pulse sequences offer an alternative route for advanc-
ing nanoMRI. For instance, flipping the gradient during the spin evolution phase could enable
the realization of a Hahn echo pulse within the nanoMRI protocol. Additionally, the CFD func-
tions as a scanning electromagnet, which could extend its utility to other research fields where local
current control or nanoscale electric fields are of interest. These aspects suggest broader applica-
tions beyond nanoMRI, potentially influencing fields such as quantum sensing, condensed matter
physics, and nanoscale electromagnetism.

6.2 CHALLENGES AND PROGRESS IN SURFACE SENSING

Akey challenge in N'V-based surface sensing is the preparation of molecular samples while ensuring
the detection of spin signals, for instance from self-assembled monolayers (SAMs). In this work, I
explored multiple methods for preparing and characterizing molecular samples optimized for NV
sensing. The success of these preparation techniques was confirmed using X-ray photoelectron
spectroscopy (XPS) and confocal microscopy, yet direct NV-based detection of the SAM remained
unsuccessful. The primary obstacle was the presence of native surface electrons on the diamond,
which masked the external spin signal from the SAM. This limitation underscores a fundamental
hurdle in using NV centers for molecular-scale surface studies.

Comparing this approach to ensemble NV-based sensing, where surface nuclear magnetic reso-
nance (NMR) has been demonstrated, highlights a critical challenge in bridging the gap between
single-NV and ensemble-based measurements. Single NV centers have successfully detected in-
dividual spin labels, while ensemble N'Vs have been able to probe monolayers. However, when
working with single N'Vs, the high density of spins within a SAM, along with the surface election
density, makes it difficult to isolate individual spin signatures while still achieving nanoscale reso-
lution. This trade-oft presents a key challenge for high-resolution molecular surface imaging.

Additionally, I explored the surface effect of chirality-induced spin selectivity (CISS) by mea-
suring the magnetic noise fluctuations induced by a chiral SAM. A measurable increase in noise
was observed upon adsorption of chiral molecules onto an oxide-coated diamond surface, suggest-
ing an interaction mediated by CISS effects. Notably, this effect was detected without an applied
current and in the absence of an intermediate magnetic layer, this points to an interaction with

the chiral molecules and specifically to the effect of CISS. Although a quantitative model should
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be developed to describe the magnetic fluctuations the measurement itself is already novel. The
observation can point to direct magnetic noise caused by the molecule or alternatively it can be
described by a surface interaction mediated by CISS. It is suggested that further measurements be
conducted to give insight to the role of CISS in the interaction. These findings highlight the po-
tential of N'V-based surface magnetic resonance to explore physical phenomena that conventional

techniques may not fully resolve.

6.3 FUTURE OUTLOOK: TOWARDS NANOSCALE SURFACE MRI

Looking forward, a promising future direction is the integration of gradient magnetic resonance
imaging with surface sensing, enabling nanoscale surface MRI. One long-term goal in nanoMRI
is to achieve single-molecule imaging which requires resolution on the order of the bonds within
a molecule. At the same time, a second research avenue is the study of surface science at the nano-
scale. Although NV quantum sensing has successfully detected magnetic resonance signals, apply-
ing this technique to diverse nanoscale systems—including 2D materials, molecular monolayers,
and nano-devices—requires overcoming several key obstacles. Unlike conventional atomic force
microscopy (AFM) or optical imaging, where samples are placed on non-interfering substrates,
NV sensing inherently requires proximity to a diamond substrate. This constraint complicates
sample preparation and introduces unwanted surface interactions. One approach to circumvent
this limitation is the use of scanning NV probes, which ofter spatial flexibility but remain techni-
cally challenging and are incompatible with the focused gradients introduced by the CFD, which
is essential for high spatial resolution.

For a static diamond platform incorporating gradient-based nanoMRI, the sample must be ad-
hered directly to the diamond surface. This work has contributed two key advancements toward

realizing this future vision:
1. Developing methods to adhere and detect molecular samples on the diamond surface.

2. Applying local magnetic field gradients that enable the transition from an integrated mag-
netic resonance signal to high-resolution spin imaging.

By integrating the techniques developed in this work, nanoscale surface science can advance

toward answering fundamental questions at the molecular level, such as:
1. What is the molecular density of the sample?
2. Are there structural defects or variations in surface composition?
3. Do subdomains exist, and what role do spin or charge interactions play in their formation?
4. What are the magnetic properties of local regions?

While some of these questions can be addressed using XPS, AFM, and FTIR, my research demon-

strates that these traditional techniques provide incomplete information, particularly regarding
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local heterogeneity and site-specific interactions. Throughout my investigation of molecular sur-
faces, it became evident that existing techniques often yield only ensemble-averaged data, lacking
sensitivity to local perturbations. One challenge met at the nanoscale were the surface electrons
which masked the detection of the spin layer SAM. This can be overcome by applying a gradi-
ent field which separates the resonance of the different species which are located a few nanometer
apart. By combining surface-sensitive NV techniques with nanoMRI, nanoscale surface science
can evolve to resolve local magnetic and electronic properties with unprecedented spatial resolu-

tion.

6.4 CONCLUSION

This work contributes significant advancements to both nanoMRI and surface magnetic reso-
nance, demonstrating the feasibility of high-resolution magnetic imaging and molecular surface
sensing. The development of the CFD provides an approach to generating strong, localized mag-
netic field gradients, paving the way for improved nanoMRI techniques. Additionally, the chal-
lenges identified in surface sensing highlight the need for continued development in NV-based
molecular detection strategies. By merging these techniques, single-molecule MRI and nanoscale
surface MRI could become a reality, providing new insights into molecular structure, molecular

interfaces and interactions, quantum materials, and biological systems at the atomic scale.
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Derivation of Ramsey pulse sequence

A.1 PULSE EVOLUTION

The following shows the derivation of the read out of a Ramsey pulse sequence described in Ch. 2.2.

The state is initiated with a Z-pulse, B = B, cos(wt), where wz = Z. In the rotating frame

1
= — (|0 > +]1 > A.
1¥) 7 (1 1>) (A.1)
The state then evolves for a time t and acquires a phase:
Ap = /Ardr (A.2)
¢ = wol
Resulting in the state:
1 .
l¥) = 7z (10 > +e7)1 >) (A.3)

A second 7 pulse converts back to the state along z, where the Hamiltonian for this operator is

=0 B (A.4)
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Applying this operator to the state

The propagation in time:

7 0

U(g) = exp (—z’%a}%) = exp <—z'7zra'y>

U(3) Iy >=eDy >

0 —;
Fora?Z pulse we set yBr = z and 7y, = ( Z) :

_ i("y%) 1 0 —ip
= > +e Pl >

! (1 (”) + io, si (”)) (10 > +¢~%[1 >)
= +COS | — o, sin | — 4

V2 4 ! 4

21 . .

:i— (J0 > +e?1 > —|1 > +¢7?|0 >)

2 V2

= [1+e7) 10> + (1 - ) 1 5]
Finally, we read out the state to give:

1 ‘ 2
< 0lz > = |< 0l (1+¢7%) 0 >

Y N

(1 + e_@) (1 + €Z¢)
(14?4677 +1)

(1+ cos?)

(A.s)

(A.7)

(A.8)

Where § = & and in the rotating frame » = wy — w;, and w, is the frequency of the applied

microwave field and w; is the resonance of the transition. Thus a detuning is detected by measuring

the oscillations in the Ramsey decay.

For the NV center with implanted nitrogen N there is a hyperfine coupling'5° of the |£1) state
due to the spin 1 of the "N where 4| = 3.03 MHz. Thus, the resonance frequency is D & yB + 4

and we expect to see two oscillating frequencies. Additionally, the signal dephases, and there is an

exponential decay. The final signal is expected to be -

At) = e 72 (cos(2m(w + A/2)t) + cos(2n(w — A/2)t))
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Setup details extended

B.1  OPTICAL SETUP

B.1.1 TELESCOPE - EXTENDED DETAILS

In the optical setup described in Ch. 2.3.3 there is a telescope configuration between the galvanome-
ter scanner to the objective. These lenses act as a tube lens and a scan lens and are intended to
project the galvanometer plane to the back focal plane of the objective.

Without the two lenses, two beams at different angles will focus to different planes. This is
shown in the ray trace of a scanned beam for two distances between the scanner to the objective
in Fig. B.1. As the distance increases the error in the focal plane of the two beams increases. To
mitigate this effect’s" a tube lens and a scan lens are placed between the scanner to the objective,
Fig. B.2. In the setup there are limitations on the placement of the lenses due to the box that con-
fines the microscope this results in a sub-optimal placement of the objective lens as shown in the

lower image in Fig. B.2. Even with the error this still provides an improved scan range.

B.1.2 WIDE FIELD IMAGE

The image from the CCD that provides a wide field image of the diamond as described in Sec. 2.3.3
is shown in Fig. B.3.

B.2 WAVEGUIDE DETAILS

The MW signal is applied using a waveguide which is fabricated in house. Two processes were used
for different waveguides used in this work:

77



1. Option 1

(a) s nm Crand 300 nm Cu are deposited on a clean glass slide

(b) Photolithography is used to prepare the waveguide pattern on the metal.

small distance large distance

/>//
/\

Figure B.1: Effect of the galvanometer scanner on the focal point of the beam entering the objective. The effect is shown for
a small and large distance between the two and demonstrates the enhanced error for longer distance. The red and green rays

represent different scan deflection.

/] A

scan lens tube lens objective

a 7~

scan lens tube lens

Figure B.2: Showing the ray trace of a scanned beam focused on the objective for illumination of the diamond. The effect of
adding a scan lens and tube lens is shown for the objective placed correctly at the focal point of the tube lens and for an objective

shifted from the correct placement due to geometric constraints.

78



Figure B.3: The wide field image from the CCD imaged using the objective that focuses the laser to the diamond. The image
shows the grid layout of the diamond pillar array. The dark region shadow is the tip that is near the diamond surface. The lens

does not correct for chromatic aberration and the illumination used is white and so chromatic aberrations are visible.

(c) Electroplating is used to deposit copper according to the waveguide pattern.

(d) The metal seed layer is etched (8% APS for Cuand 30% HCl for Cr) in order to separate

the center line from the ground and expose the glass slide below.
This results in a copper center line that has a thickness of roughly 15 pum.
2. Option 2

(a) s nm Crand 2000 nm Cu are deposited on a clean glass slide.
(b) Photolithography is used to prepare the waveguide pattern on the metal.
(c) The metal is etched (8% APS for Cu and 30% HCI for Cr) to remove the base metal

and separate the center line from the ground and expose the glass slide below.

This results in a waveguide with a copper center line that has a thickness of roughly 2pum.

The waveguide is soldered to a PCB which is designed with two SMA ports for insertion and out-
put of the MW signal. The waveguide is characterized by the lass as a function of frequency,
an example of such a measurement is shown in Fig. B.4. The figure shows several resonances in
the waveguide, the Rabi time will change when working at these frequencies as the effective Rabi

power at the sample is lower.

B.3 MECHANICAL PARTS FIGURES

This section elaborates on the mechanical details regarding the tip apparatus presented in Sec. 3.2
in the main text. The quartz rod is designed to have two indented grooves to prevent a short be-
tween the two leads. The design of the quartz rod is shown in Fig. B.s.

A grid was designed to hold the tips during the deposition, as described in Ch. 3.2, it is shown
in Fig. B.6.
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Figure B.4: Waveguide characterization, the loss is measured as a function of frequency.

135°

-

Figure B.s: Design of quartz rod used as the base material for fabricating the CFD.

For the apex deposition, a metal sheet is placed on each side of the grid to prevent a short due
to deposition between the leads, shown in Fig. B.7. The metal sheet is flush with the edge of the
grid, extending the metal beyond the grid results in thin apex deposition, which is unwanted. The
tips are cut such that they are within the holder and mask, this was found to mitigate the effect of
shorting the leads. A cylindrical tip holder was designed to hold the tip. Two springs are placed
within the holder to provide mechanical and electric contact. The tip holder was fabricated using
CNC machining. It is made of PEEK, which is well-suited for CNC machining and provides
electric insulation. The cylindrical holder is held by a titanium holder which acts as an adapter
to connect to the attocube stage. The design was done by the Instrument Design Unit at the
Weizmann Institute of Science. The springs are pushed into the two niches. An electric pin is
soldered to each spring and each will then connect to the center line of a coaxial cable for the current
in and out of the tip. The coaxial cables used to connect the tip to the attocube are MKs005-
SMA1 1-often-o200 purchased from elspec group. They are ultra-flexible (and delicate) and so they
do not strain the device or pull on the microscope’s motors. An adapter was designed to hold the
tuning fork and to connect the tuning fork to the tip, Fig. B.9. The angle of the adapter is designed
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Figure B.6: Design of the holder for the tips that is used for the deposition. The tips are placed in the holder such that the

grooves are facing the metal to avoid deposition in the groove. The tip length is cut such that the tip apex is just below the edge

of the holder.

Figure B.7: During the stage of apex deposition, a metal sheet is placed on each side of the grid to prevent deposition within

the grooves.
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Figure B.8: Mechanical drawing of the tip holder (left) made of PEEK and the titanium stage adapter (right).

Figure B.9: Image of tuning fork in the holder, the tuning fork is first soldered to a wire and then glued to the base with super
glue. The angle of the holder is set such that the tuning fork will slightly press the tip when placed in the tip holder.

such that the tuning fork will press against the edge of the tip.

B.4 DETAILS ON ELECTRONICS

Current is applied to the tip by applying a voltage to the tip, the voltage is calculated according
to Ohm’s law V' = IR ;...; where R ;... is the resistance measured with a multimeter between the
input and output connectors to the tip. The actual current through the tip is measured on the
oscilloscope with so Q termination. The current measured is calculated as 7,, = RV_Z’ where 7, is
the measured current 7, is the average voltage measured in the time the voltage is constant (see Fig.
4.2) and R, is 50 Q. I did a series of such measurements to check that current to voltage ratio is
linear, indicating that the tip resistance does not change due to heating. Thisis used as a calibration

curve so that I do not need to record the signal on the scope for every current pulse.
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Figure B.10: Current output measurement The current measured on the scope as a function of the voltage applied by the
AWG.
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Additional measurements

C.1 CFD DEVELOPMENT

As previously discussed, the NV contrast is reduced in the presence of magnetic field components
that are perpendicular to the NV axis. The magnetic field generated by a CFD tip with a large
apex diameter of 1300 nm and a current of 2 mA was analyzed in Sec. 3.1.2. At this current, the
overall magnetic field is relatively weak, and thus no significant reduction in contrast is expected.
The contrast is calculated at a distance of 25 nm from the tip apex using the method described in
Sec 2.1.4. The field of the CFD is calculated for lab coordinates which are not parallel to the NV
axis and so the field is projected the axis parallel and perpendicular to the NV axis. As shown in
Fig. C.1(a), the contrast remains nearly uniform across the scan area, indicating minimal impact
from off-axis magnetic fields. In contrast, for a CFD tip with a finer apex diameter of 100 nm, the
effect of off-axis fields becomes more pronounced. As shown in Fig. C.1(b), the contrast exhibits
greater spatial variation. In this case, pulsing the current becomes more critical to preserve NV
readout contrast. For stronger magnetic fields—such as those generated by higher currents, the
reduction in contrast remains modest but non-negligible, further highlighting the importance of

current modulation in future designs.

C.2 CFD MEASUREMENTS

A measurement of fluctuations in the background magnet field is shown in Fig. C.2. As men-
tioned in Ch. 4, Sec. 4.2, the ODMR measurement includes a measurement with current and a
reference without. The figure shows the shift in frequency relative to the mean measured during

the reference phase in the ODMR measurement for each pixel measured. The data shows a max-
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Figure C.1: The contrast of the NV under the effect of the simulated magnetic field from the CFD with a current of 2mA and
at a distance of 25 nm. (a) The contrast for a CFD with an apex diameter of 1300 nm. (b) The contrast for a CFD with an apex

diameter of 100 nm.

imum fluctuations of 1t MHz and a region where the field is shifted from the mean by soo kHz.
This is on the order of the system sensitivity highlighting the need to cancel small drifts in order

to sense small changes in the magnet field of the tip.
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Figure C.2: Measurement of fluctuations in the background magnetic field, without a current in the tip. A 2D scan of the
frequency measured from the ODMR sequence without a current, the total measurement time is roughly 20 hours. The mea-
surement shows the difference between mean frequency measured to the frequency measured at each pixel in the background

field over time.

C.3 HIGH CURRENT MEASUREMENTS

When measuring the magnetic field at increasing currents two series of line scans where performed,
initially at low current followed by a series of scans at higher current. The first round is shown in
the main text, the second series is shown in Fig. C.3. The line scans were performed along the
line where the maximum gradient is expected, yet the two series showed a different typical line
shape, indicating there was a shift in the scanned line. The line scans demonstrate an increase in

the magnetic field measured and in the gradient as a function of increasing current. Ata current of
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14.2 mA the CFD appears to fail, the ODMR shift measured falls to zero after two measurements.

This accumulated effect may indicate that longer wait time could allow the device to continue to

function.
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Figure C.3: Magnetic field line scans done at high current. The tip failed at 14.2 mA where the shift in magnetic field is zero.

C.4 MEASURING CHIRAL MOLECULES

A confocal scan of the ROI within the diamond where the chiral measurements were conducted,
this is shown for future reference in Fig. C.4. The figure shows the relative placement of the dia-
mond to the waveguide and the chosen region E-5. The NVs marked NV 6 and NV 22 showed
increased noise due to the chiral SAM, the data in the main text is from NV 6 (Fig. 5.5, while NV
5 did not show an effect and the data in Fig. C.5 was measured on this NV

Below is a second example of a data set measured with a SAM of chiral molecules as described
in Ch. 5.3. The data shown here is another NV that is within so um of the NV shown in the
main text. Here, the relaxation measured is similar with and without the SAM, highlighting the

statistical nature of the measurement.
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Figure C.4: Image of the diamond and the working region where the measurements were done. (top) Optical microscope
image of the diamond showing the relative location to the waveguide, the yellow box highlights the working region, E-5. (bottom)

confocal scan of the working region E-5 where the measurements with the chiral SAM were conducted.
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Figure C.s: Relaxation measurements using the pulse sequence for T; and T, are shown for an NV where the effect of the

SAM is not apparent. (a) An example of a single trace from a 77 measurement, the decay rate with and without the SAM is similar.
(b) Combined T; data measured on a single NV at different magnetic fields and at both transition frequencies. (c) An example of

a single trace from a 7, measurement, the decay rate with and without the SAM is similar. (d) Combined T’ data measured on a

single NV at different magnetic fields and showing both transition frequencies.
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Rabi power modification

D.1 THE MODEL

Most simplified analytical models used to model the contribution of metallic tips to the electro-
magnetic near-fields replace the tip itself with a spherical metallic particle, or an elongated prolate
spheroid'5*. Here, due to the proximity of the tip to the surface, and its flat apex, we chose to
model it as a stack of oblate spheroids (as shown in Fig. D.1b) to better capture the effect of the
flat on the magnetic fields, especially when it is very close to the surface. The aspect ratio we took is
1:35 (long semi-axis of 4, = 0.7 um), and the number of ellipsoids was chosen such that it covers
roughly a cylinder with height = diameter of the oblate ellipsoid. Adding more spheroids does
not alter the resulting fields significantly, since their field at the position of the NV decays quite
rapidly with their distance (roughly as 1/distance’). Since the excitation of the tip is at 2.26 GHz,
corresponding to a wavelength of ~13 cm (or roughly 5 cm in the glass), the scenario is in the deep
sub-wavelength (hence quasistatic) regime. Therefore, we used a magnetostatic solution for the
response of the metallic tip, where the field exciting each ellipsoid is the magnetic field generated
by the CPW. The solution for a single metallic (perfectly electric conductor, or PEC) ellipsoid in
a uniform field was obtained by solving the scalar magnetostatic potential problem for a uniform
field in x, 253,

An analytical expression for the field of the co-planar waveguide (CPW) was derived using a

conformal mapping technique'3*. Assuming waves propagate along z in the CPW (later we rotate
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1200 nm

Figure D.1: (a) The oblate spheroidal coordinate system. # defines the spheroid surface, g the polar angle and ¥ the azimuthal
angle. (b) Modelling the electromagnetic response of the tip (blue) by an array of ellipsoids (pink).

the result), and the CPW plane is XZ (cross-section plane is XY), we get:

1
. o D.
cow(x,y) = Im \/42 — (v l'y)Z)\/bZ — (x+1y)?) B
;
. . D.
y,CPW(xLy) m \/42 _ (x —+ l:)/>2) \/bZ - (X + l:)’)z) ( 2)
Assuming the mode propagating in the CPW is TEM, we get
HCPW =2z X ECPW (Ds)

We also assume that the diamond layer does not alter the fields significantly. In practice, it does
affect their magnitude, but their direction remains approximately the same, and since the entire
effect is linear to the field, this does not affect the results.

RESPONSE OF ELLIPSOIDS

The ellipsoids are defined in an oblate spheroidal coordinate system (see Fig. D.1a), with 24 being
the distance between the focal points, and » = 7, defining the spheroid surface. In this case, the
magnetic field generated by the ellipsoid itself (eventually, by the tip) can be described using a scalar
potential ¢ . These response magnetic fields are generated by the currents induced on the tip by
the external magnetic field of the CPW.

For a background field of A, ,z we get

H, coshy,

0, .= [sinh ycot”! (sinh ) — 1} cos 4. (D.4)

# coshy, cot™!(sinh )
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Here @is the polar angle in the oblate spheroidal coordinate system, and yis the azimuthal angle.
For a background field of H, ,x we get

1 4 . .
= co — —2—— | cos¢siné = sinh D.
2,.=C (\/H—KZ e m) ysing, ¢ 7 (D.s)

with Bk
C, = 0. SR 7o , {, =sinhy,, (D.6)
foot ' 4H—1 1
cosh 770 < m (1+;%)3/2)

and the associated magnetic fields are obtained by H = —V¢ . Ata frequency of 2.26 GHz, the
skin depth of gold is 1.6 pum. Since the thickness of the gold layer is only around 0.2 pum, the effective
surface current response is weaker than for a perfect conductor. To account for this, we reduce the
magnitude of the fields generated by each ellipsoid by a factor of Fy, = 1 — ¢~ 200/1600 ~ () 1175.
Each ellipsoid is subject to the field generated by CPW. Although there exist interactions between
the ellipsoids, which will create a strongly non-uniform excitation of each, we will assume that the
main contribution to their excitation is by the external field, and ignore the interaction. Finally,
due to the proximity to the diamond surface, we need to consider the contribution of the image
of each ellipsoid with respect to the diamond dielectric layer (taken to be €, gizmond = 5.68 here).
Defining y = (&, diamond — 1)/ (€,,diamond + 1), this will multiply the &,  components of the magnetic
fields generated by the tip on the probe (considered right on the surface here) by 1 + y and the 2
component of the magnetic field by 1 — y. The calculated modulation (increase or decrease) in
the Rabi power relative to the far-field (when the tip is “far”, i.e., more than 2 um away from the
NV in the z direction) is shown in Fig. D.2. As discussed above, the calculation takes into account
the change in effective magnetic field created by the CPW on the NV due to the proximity of the
metallic tip, with the tip’s vertical position taken to be 150 nm above the surface of the diamond.

A simplified analysis can be made by treating each ellipsoid as a single point. Then the analytical

expression for the Rabi power becomes

where 4 is a fitting parameter, z is the vertical distance of the NV from the tip, and d is the lateral
distance, in our case 36o0nm. The data in Fig. 4.9(a) in the main text is fit using Eq. D.7, and
plotted as a green curve in Fig. 4.9(a), agreeing with the ellipsoid model up to a small offset, with
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Figure D.2: Calculation of the Rabi power, Q, as a function of tip position relative to that of the NV center (3.5 um, 3.5 um)

divided by the Rabi power far-away, Q, i.e., when the tip’s vertical position is at least 2 um away from the NV.
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JTTWR DRXIY MP2NN 191 MATYOT-1PINT DX OV 0OWH DKW 09312

DI WINWT M2 DY NN2ANR WR NP0 DOV TN MRTY 0w A0mMD 7 7712V NNa0na
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