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Abstract

The nitrogen-vacancy (NV) center in diamond has emerged as a powerful quantum sensor
capable of detecting electron spins at the atomic scale. However, utilizing the NV center to
sense the complex magnetic properties of molecular spin qubits (MSQs) remains a significant
challenge. Moreover, integrating the MSQ and NV center into a hybrid quantum system can
be an interesting quantum technology. This thesis aims to address the challenges of magnetic
sensing of single MSQs by developing innovative methods to enhance the sensitivity and co-
herence of NV-based sensing.

The work begins with an effort focusing on the sensing of copper phthalocyanine (CuPc),
a candidate MSQ, using a novel Ramsey correlation pulse sequence. This sequence offers DC
sensitivity while successfully extending the NV center’s coherence time beyond 75* and 75
limits, enabling the detection of dipolar coupling to CuPc electron spins.

Numerical and experimental results highlight the sequence’s superiority over traditional
methods like DEER, laying the groundwork for quantum sensing of single MSQs. Further-
more, some experimental results show a prolonged coherence time exploited by correlating the
pulse sequence to the carbon nuclear spin’s Larmor frequency, suggesting additional uses for
the pulse sequence.

The thesis also investigates the use of chirped adiabatic pulses, demonstrating their ability
to enhance sensitivity and contrast in electron spin sensing. These pulses outperform conven-
tional 7 pulses by leveraging their broader spectral bandwidth for more efficient spin driving,
showing promise for applications in quantum sensing and quantum information processing.

Finally, a Bayesian inference framework for real-time phase estimation is implemented, im-
proving the NV center’s sensitivity to DC magnetic fields using a non-single-shot read-out
sensor. Simulations reveal that adaptive sensing can reduce measurement times and increase
sensitivity compared to non-adaptive methods, showcasing the potential of machine learning
in quantum sensing.

Together, these advancements represent significant progress toward realizing the NV cen-
ter’s potential as a sensor for complex systems like MSQs. By enhancing sensitivity and coher-
ence while addressing practical challenges, this work paves the way for future applications in

hybrid quantum systems, quantum communication, and beyond.
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“What we observe is not nature itself, but nature
exposed to our method of questioning”

Werner Heisenberg

Introduction

SCIENTIFIC DISCOVERIES ARE THE REASONING OF OBSERVATIONS, WHICH, IN
TURN, ARE FRUITFUL GROUNDS FOR TECHNOLOGICAL DEVELOPMENTS THAT IM-
PROVE OBSERVATION METHODS. In this thesis work, I focus on quantum sensing
as a form of observation. I use different techniques to improve an existing method of
magnetic sensing to allow the possibility of observing molecular spin quantum bits
(qubits) as a way to study these, in turn, as potential new devices for quantum sensing
and quantum computing.

This chapter covers the background and basic principles necessary to understand
the open questions addressed in this research work. The chapter is divided into four
sections: Section 1.1. Quantum sensing presents an introduction to magnetic sensing
and quantum sensing; Section 1.2. The nitrogen-vacancy (NV) center covers a the-
oretical background of the NV center as a qubit and a quantum sensor, Section 1.3.
Molecular spin qubits (MSQ) give an overview of the field and the potential they hold
in quantum computing; and Section 1.4. Research subjects and addressed questions
connect all sections to establish the focus of the remaining chapters of this work.



I.I QUANTUM SENSING

The Oxford English Dictionary defines the term sensing as “The action of a machine,
instrument, or similar device in detecting or measuring a circumstance, entity, etc., es-
pecially in response to a physical stimulus”". In a review published in 2017, quantum
sensing was defined as one of three cases. The first two of these cases can be derived
from the classical definition of sensing, and the third arises from the unique nature of

quantum mechanics®:
1. Use of quantum device to measure a physical stimulus.

2. Use of a device to measure a quantum circumstance, such as quantum coher-

ence, in response to a physical quantity.

3. Use of quantum entanglement to improve the sensitivity or precision of a mea-

surement.

From the definition of quantum sensing, it is clear that this field aims to study, im-
prove, and build systems based on quantum mechanics to improve sensing abilities.
As such, quantum sensing has been a major field of applications that has vastly im-
proved since the start of the second quantum revolution?. Of the three definitions,
only the third is based on a pure quantum effect, while the other two have some quan-
tum effects but can also be used in classical systems.

Under the above definition, many quantum systems qualify as quantum sensors,
such as solid-state spins, neutral atoms, superconducting circuits, and trapped ions. In
each platform, broad research is conducted to show the superiority of quantum sens-
ing even without implementing entanglement and quantum algorithms. For exam-
ple, solid-state spins have already shown applicability as magnetometers for biology+,
chemistry?, and solid-state physicsé, and neutral atoms have exhibited application for
electric field sensing in biology+.

For a quantum system to function as a quantum sensor, it must satisfy three fun-

damental criteria, as outlined in the 2017 review *:
1. The quantum system has discrete, resolvable energy levels.
2. The system can be initialized into a known state, and the state can be read out.
3. The system can be coherently manipulated.

A system that meets all three criteria qualifies as a quantum sensor. However, an ef-

fective quantum sensor must balance coupling to its environment with maintaining



coherence. Strong coupling enhances sensitivity to the target but also exposes the sen-
sor to greater noise, reducing its coherence time. Conversely, long coherence times
are crucial for detecting weak signals from weakly coupled targets, requiring environ-
mental shielding to minimize noise and, consequently, interaction with the target.
These competing demands make designing an optimal quantum sensor a nontrivial
challenge, further complicated by additional requirements such as sensor readout, ini-

tialization, and the environmental conditions necessary for the target.

1.2 THE NITROGEN-VACANCY CENTER

The nitrogen-vacancy center in diamond is a well-studied quantum sensor that an-
swers all three criteria stated above. On top of that, it has the potential to balance the
coherence time and coupling to the environment while being compatible with large
environment settings, such as high or low temperatures.

On the coherence aspect, compared to many quantum sensors, it is operable at a
wide range of environmental temperatures 789 pressures >, and chemical envi-
ronments’3. Its coherence time can even be prolonged when using a carefully engi-
neered implantation of the defect’s nitrogen atom or growth of the diamond and sur-
face treatments *+'51¢, Even though ithasalong coherence time, it isstill a good sensor
with strong coupling to the environment due to its relatively large gyromagnetic ratio
as an electronic spin. This trait allows strong coupling to magnetic fields in the first
order, but also, with lower strength, it can couple to electric fields in the second order,
making it a good quantum sensor to a large variety of targets 7.

The rest of this section will cover the background and physics related to the NV
center. This will allow a firm ground for understanding the state-of-the-art properties
of the sensor and the areas that still require improvement where scientific questions

can be answered.

1.2.1 THE NV CENTER - ELECTRONIC AND OPTICAL PROPERTIES

The NV center is a defect in the diamond lattice consisting of a nitrogen atom and a
vacancy substituting two carbon atoms (Figure 1.12). The structure’s electronic con-
figuration has a non-zero electron spin where the spin energy levels realize the quan-
tum sensor and the electronic energy levels are used for the initialization and read-out
of the sensor (criterion number 2 for a quantum sensor). This section will provide the
background of the electronic structure and its use to operate the system in terms of

initialization and read-out.



The NV center, as a defect in diamond, can be treated as alocal molecule with a sym-
metry of Cs,. Itholds three unpaired electrons from three carbon atoms and two paired
electrons from the nitrogen atom of the defect. Solving the system’s orbital structure
while addressing the defect as a point molecule gives rise to orbital hybridization, re-
sulting in four orbitals (4, a1, ey, ¢,) "**°. The lowest energy orbital (1) is situated in
the valence band of the diamond and is occupied by two electrons. Two more elec-
trons occupy the second-lowest energy orbital (2;), and one more electron occupies
one of the degenerate orbital states (e, ¢,), all located in the gap between the valence
and conductance bands of the diamond. This electronic structure forms the neutral

state of the NV center with a ground-state electron spin of § = 1/2%°.

Once the defect gets negatively charged with one extra electron donated from a
neighboring defect, it results in two unpaired electrons with a total spin of § = 192",
The negatively charged NV~ center will be the focus of this work and will be addressed

simply as NV center in the remaining text.

The orbitals of the NV center that are situated in the gap (a1, e, ¢,) have a strong
spin-orbit coupling** that results in the energy diagram and the resulting optical prop-
erties of the NV. The spin-orbit coupling results with four main electronic energy lev-
elsin the diamond band gap: the ground orbital-singlet spin-triplet state (*4,), ground
orbital-singlet spin-singlet state (14;), ground orbital-doublet spin-singlet state (*£} »)
and the first excited orbital-doublet spin-triplet state (*E), see Figure 1.1b>"1%23,

The energy relations between all electronic states are illustrated in Figure 1.1b. A
gap of 1.945 eV (637 nm) separates the ground and excited spin-triplet states. The
optical emission measurement of the defect reveals a broad spectrum of emission at
room temperature rising from the phonons in the lattice; the zero-phonon-line indi-
cates the energy gap between the spin-triplet states with a local maximum at 637 nm,
Figure 1.1¢'%24. To excite the defect from the occupied ground spin-triplet state 34,
to the excited spin-triplet state >E, a wavelength shorter than 637 nm should be used.
A wavelength of 520-532 nm, in the green wavelength regime, was found to be opti-
mal where charge ionization of the defect is minimal*5. Upon excitation of the defect
with green light, the electron is excited to the > £ state in a spin-conserving process. Af-
ter a lifetime of ~ 10 ns, the electron will decay back to the ground state 34, also while
conserving the spin state and emitting a photon with a wavelength in the red to the

near-infrared range, as illustrated in the emission graph in Figure 1.1¢ 26,

On top of the two triplet states, two more spin-singlet states are in the band gap
(Figure 1.1b). These states can be populated through an inter-system crossing pro-

cess (ISC), where an electron in the excited spin-triplet state can decay to the higher-

4



energy spin-singlet state '4; through an ISC process and keep decaying in energy to the
lower-energy spin-singlet 'E; » and back to the ground-state spin-triplet 4,*'. The
decay rates between each of the spin-orbit states of the NV center are presented in

Figure 1.1b 27,28,29

(a) (b)
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Figure 1.1: (a) Schematic illustration of an NV center in a diamond lattice where the nitrogen atom is an orange ball,
carbons are black, near neighbor carbons contributing to the defect are in green, and the vacancy is transparent.
The main axis of the defect is the direction connecting the nitrogen and vacancy locations. lllustration reprinted
from Ref.21 (b) Orbital structure of the NV center with spin-orbit coupling states and decay rates. (c) Emission
spectrum of ensemble of NV° and NV~ excited with 532 nm laser at different powers. Plot reprinted from Ref.

24. (d) Photons collected per shot for the 72, = 0 and m, = —1 states.



The ISC decay is characterized by different decay rates for different spin states (72, =
0 and m, = +1). As illustrated in Figure 1.1b, the decay between the excited spin-
triplet 3E to the higher energy spin-singlet ' 4; is more probable for spin states 7, = =£1.
Additionally, the decay from the lower energy spin-singlet £ , to the ground level
spin-triplet >4, is more likely to result in spin state m, = 0. These differences form the

basis for spin initialization and readout.

Spin initialization occurs under green laser illumination, where repeated ISC decay
eventually leads to the accumulation of population in the 7, = 0 state, achieving spin
initialization with a fidelity of up to 96%?**. Readout s possible due to the lower num-
ber of red photons collected for the m, = +1 states following green excitation. This
reduction in red photon emission arises from the higher probability of ISC decay and
the extended lifetime of the electron in the spin-singlet states before returning to the
ground state 26 The longer lifetime delays photon emission, reducing the number of
red photons detected for 7, = £1 compared to m, = 0 within a short time window at
the onset of green excitation (denoted as the readout window (ROW) in Figure 1.1d).
Figure 1.1d illustrates the difference in red photon emission over a 200 ns interval from
the start of green laser excitation.

The ISC-based readout mechanism provides a non-ideal method for detecting the
sensor state due to low photon collection efficiency and photon shot noise. Conse-
quently, the readout contrast is limited by the difference in the fraction of photons
collected per shot for each spin projection (m, = 0, —1,+1)*". To accurately deter-
mine the spin state, the measurement must be repeated R times, summing all detected
photons within the short ROW after excitation (Figure 1.1d).

To determine the required number of repetitions (R) for signal detection, two key
sensor characteristics must be considered: the signal-to-noise ratio (SNR) and con-
trast (C). The SNR, defined in Equation 1.1, quantifies the difference signal per shot
between spin states (2 — a+1) relative to the noise, given by the variance of each spin
state (/03 + 0%;). In a system where noise is dominated by photon shot noise the
variance will be the signal per shot, 2, = ,,,. The noise can be reduced by a factor
of V/R through repeated measurements. The contrast, defined in Equation 1.2, rep-
resents the difference between the two spin state signals. A sensor with low contrast
requires more measurement repetitions to achieve sufficient contrast to overcome sys-

tem noise 3°.

SNR = %0 — %41 (1.1)

V7 + 7

6



c=2"2 (1.2)
ey + at+q

The NV center can also be used as a single-shot read-out sensor. Two main methods
that have been reported require more advanced setups to implement. The first requires
a cryogenic environment where the energy levels in the excited level spin-triplet > are
well-defined and not perturbed by phonons. In that scenario, an on-resonance laser
can excite the spin from the ground level to the excited and allow detection of the spin
state upon a single measurement with fidelity of 93%3*3°.

The second method requires good coupling to a neighbor nuclear spin and good
control of each of the spins, NV center electron spin, and nuclear spin. In this method,
the NV center’s state is imprinted on the highly-coherent nuclear spin, utilizing it as
a memory, and by conditional driving, a repeated read-out of the NV center indicates
the nuclear spin state, and from this, the NV center state with fidelity of 929%3°.

In the research work presented in this thesis, no single-shot read-out techniques
were used. Moreover, Chapter 4 addresses the challenge of adapting algorithms de-
signed for single-shot read-out sensors to a non-single-shot read-out framework, as is

the NV center at room temperature, which is commonly used in many applications.

1.2.2 THE NV CENTER - ELECTRON SPIN PROPERTIES AS A QUANTUM SENSOR

Out of the three requirements presented above for a quantum system to qualify as a
quantum sensor, only the second one of initialization and read-out is established and
achieved solely by the electron-spin hybridization diagram. To achieve the other two,
an understanding of the ground state spin-triplet physics under static and oscillating
magnetic fields is required.

The NV center electron spin has a spin of § = 1. A strong zero-field energy (D)
caused by the diamond lattice dictates the preferred orientation of the spin in space
and the eigenvalues of the system of m, = 0,41, —1. The interaction of the zero-
field with the spin is through the S, spin triplet operator squared, as noted in the spin
Hamiltonian in Equation 1.3a. This interaction causes an energy gap of D = 2.87 GHz
between the 7, = 0 state and the m, = +1states. The direction z is along the defect axis
connecting the nitrogen atom and the vacancy in the diamond lattice (see illustration
in Figure 1.1a). This direction will also determine the way other vectors in space are
treated in the NV center frame of reference.

The Hamiltonian in Equation 1.3a describes the NV energy under a bias magnetic

field B§°) oriented along the preferred axis z. This field lifts the degeneracy of the

7



m; = =1 states through Zeeman interaction, separating them by the energy of wy =
27NVB§°), as illustrated in Figure 1.2a where y,,, = 28.03 GHz/T is the gyromagnetic
ratio of an electron. Lifting the degeneracy allows working with the NV center as a

two-level system once choosing one of the spin transitions- [0) — [1) or [0) — |—1).

Hiap = DS* + ;/NVBgo)SZ (1.32)
Hia = DS* + ;/EBgO)SZ + 7NVB£1) cos (wmw? + @)Sx (1.3b)

To manipulate the NV center for quantum sensing schemes, the spin has to be
treated as a two-level system?*, and a driving field is needed to allow neglecting one
of the spin states. The driving field can be a magnetic oscillating field with amplitude
BW, a microwave (MW) frequency wyrw matching the resonance of |0) — |—1) or
|0) — |1), and a phase ¢ as written in Equation 1.3b. Using such a field encourages
us to use the rotating wave approximation (RWA), where the addressed states m, = 0
and m; = —1 or m, = 1 are the sensing two-level system and the m, = 1 or m; = —1,
respectively, will result as a fast-rotating term, allowing us to neglect it and ignore it
for the rest of the discussion.

Therefore, the Hamiltonian, after applying the RWA, in Equation 1.4, can be ap-
proximated to a two-level system with spin § = 1/2 operators (c,/,/,;) and Ay =
D+ yNVB/‘(:O) — wpmw is the detuning of the driving from the chosen spin transitions. The
second term in Equation 1.4 indicates the rotation of the spin around an axis defined
by ¢ on the transverse plane of the NV center.

Mo = Dias + g BY (cos(p) oy + sin(p) ) (1.4)

From this picture, itis clear that a bias DC magnetic field (Bgo)) and an on-resonance
oscillating magnetic field (B)) provide the other two necessary requirements for the
NV center to be a quantum sensor. The DC field allows the separation of energy levels
to have three well-defined states, and the oscillating field creates an effective two-level
system that can be manipulated on the Bloch sphere by tuning the phase and time
of the BW applied field. Combining all three requirements with the theoretical back-
ground provided about the NV center, we can discuss the practical methods used to
characterize an NV center in order to coherently manipulate it and use it as a magnetic
Sensor.

For coherent control, we need to establish the resonance frequency of the NV cen-
ter, i.e., the bias DC field (Bgo) ), and the time dependency of the NV rotation around
o, induced by an oscillating magnetic field, i.c., the driving field (BW). To this end, I
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will present the Optically Detected Magnetic Resonance (ODMR) method for B

detection and the Rabi oscillations measurement for BV estimation.
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Figure 1.2: (a) NV center spin energy levels. Spin state 72,=0 (blue) shows different energy gaps from states m,=+1
depending on the environment of the spins. On the left without magnetic bias field or hyperfine coupling (m,=+1
orange), in the middle with a non-zero magnetic field and no hyperfine coupling (m2,=+1 pink), and on the right with
non-zero magnetic field and hyperfine coupling (m2,=+1 purple). (b, ¢) lllustrations of a pulsed ODMR (b) and Rabi
(c) sequences. Green laser pulses are used to initialize and read out the spin state. (b) Microwave 7 pulse (blue) with
varied frequency is used to detect the resonance frequency of the sensor. (c) Microwave pulse with frequency wyw
and varied time (blue) is applied to detect the driving field strength. (d) ODMR measurements of an NV center, one
with no magnetic field (blue) applied with the resonance frequency of wyw=2.87 GHz and another with a magnetic
field of B=20 G with two resonance frequencies of wyw, =2.81 GHz and wmw, =2.94 GHz. (e) Rabi measurement

of an NV center with the oscillation frequency of 5.9 MHz.



The ODMR pulse sequence is illustrated in Figure 1.2b. The NV center is initial-
ized to the m, = 0 spin state with a green laser, then it is manipulated by an oscillating
magnetic field with a frequency wy. Finally, the spin state is read out with another
green laser pulse while collecting red photons in the ROW. The spin is expected to ro-
tate from the 7, = 0 to m, = —1 (the state chosen to work with) only if the frequency
of the driving field is on resonance - wpw = A = D — ;/NVBS)). Once it is rotated to
mg = —1 areduction in the number of collected red photons is measured. Figure 1.2d
shows two examples of ODMR measurements from an NV center with no bias field
and with a bias field of 20 G.

The Rabi pulse sequence is illustrated in Figure 1.2c. The NV center is initialized
to the 7z, = 0 spin state with a green laser, then it is manipulated with an on-resonance
magnetic field with amplitude &, = 7NVB(1) for changing durations 7. Finally, the
spin state is read-out with another green laser pulse while collecting red photons in the
ROW. As the driving field is applied on resonance, it is expected to rotate the spin state
with an angle § = ;7 around the rotation axis. This behavior was modeled by Isidor
Isaac Rabi, after whom the pulse sequence is named, in 1937, as presented in Equa-
tion 1.5 3*. This model predicts the sinusoidal behavior of the spin, transduced in the
NV center system to red photon fluorescence, as presented in an example measurement

in Figure 1.2¢e. The general frequency of the oscillations for any driving frequency is

Q= \/(a)MW — A_)z + wi.

2
S(7) = %sin2 (?) (1.5)

By extracting from a Rabi measurement the Rabi frequency Q, one can manipulate
the sensor to any state on the Bloch sphere by applying gates (MW pulses) with the
correct phase and length. For example, a pulse rotating the sensor from the initialized
state |0) by an angle of 7 can be done by delivering a pulse of length 7 = 27 at any
phase, to rotate the spin to a superposition of the two spin levels will require a 7 pulses
where the phase of the pulse will determine the phase between the states. Therefore,

all pulses on the NV will be denoted with the expected rotation angle and phase b,

1.2.3 UTILIZING THE NV CENTER AS A QUANTUM MAGNETOMETER

So far, the basic requirements for using the NV center as a quantum sensor have been
established. To use the presented techniques and tools for quantum sensing, the sen-
sor’s interaction with the target needs to be established. In this work, I concentrate

on magnetic interactions of the NV center with the environment, although it is also
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a good sensor for other physical fields such as electric fields??, temperature?#, pres-
sure?S, and strain 3°. Equation 1.6 captures the NV center’s magnetic interactions in
the Hamiltonian.

We can divide the Hamiltonian into three main terms. The first, H,, consists of the
ZFS Hamiltonian (#zzs) and the Zeeman Hamiltonian caused by the bias field aligned
with the NV center axis (H)). The second includes all external interactions (H,,)
through hyperfine (# ) or dipolar (#,4,) interactions. The third is any Zeeman in-
teraction caused by an unknown external magnetic field (B) that can also add Zeeman
interaction to any spin interacting with the NV center (H zeman)-

Ho

Hiap = DS? + 7NVB§O)SZ + VNBgo)Ii\] + VEBgo)JZ
N7

Hzrs HB(O)
Hint
(1.6)
+ INANS + 0, [3(S#) (6°-8) — S - o9
Hur Had
7'[Ze::man

+ B S+ 7B TN+ +yB o

The hyperfine interaction term () introduces a coupling of the NV center with
another spin (IN) through the hyperfine matrix AY; the most common spins are the
NV center nitrogen (**N or ®N) nuclear spin and carbon-13 isotopes (*C) in the lat-
tice. The dipole-dipole interaction term (#,,) establishes the interaction of the NV
center with any adjacent spin where w,;; = %ﬁ}"’h is the dipole-dipole interaction fac-

tor calculated from the gyromagnetic ratios of the interacting spins, and the distance

between them cubed.

In most cases, the bias magnetic field oriented along the NV z axis, together with
the strong ZFS, is larger than most perturbations of the NV center (AN/ v,/ yy B <
(D + yNVB§O)> ). This defines a quantization axis to the NV center parallel to the z axis,
which also defines the eigenstates and eigenvalues that can be driven with a transverse
on-resonance MW field as shown in Equation 1.3b. Applying these fields allows us to
invoke the RWA on the NV Hamiltonian, resulting in Equation 1.7 and neglecting the
eigenstate of the NV center not on-resonance with the MW field allowing to change

the NV spin operators to the Pauli operators for a two-level system.

In addition, any NV operators not on the quantization axis are rotating fast and,
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therefore, negligible, resulting only in ¢, operators with A being the detuning of the
NV center resonance frequency from the driving frequency wyw. Other spins with
frequencies off-resonance of the driving field will not be affected. Terms of interaction
between the NV center and other spins are also affected by the RWA, leaving terms of
the 2 axis as resulted with the dipolar coupling term in Equation 1.7 (see Appendix B.1
for an analytical derivation). As the z axis of the NV center dictates the sensor orienta-
tion, this will also be the leading axis henceforth in this work, forcing any other vector

to be treated in the NV center’s frame of reference.

Ho
Hror = Aoy ¥ + VNB;(zO)[iV + ?’ngo)"ﬁ
Hine
+ AN + v [3(cos®(6) — 1] A

2272 72

(1.7)

HZeeman

———
+ }’NBZIQI + VEBzafr

Under the simplified picture considered with the RWA, these interactions can be
separated into two groups: DC and AC interactions. Each group has a range of pulse
sequences aiming to filter out any noises in the system and enhance sensitivity to the
target field in question. To demonstrate this, I present here the basic principles of
two basic pulse sequences, one for each group. These schemes are also the foundation
for most of the research discussed in this thesis and are also a good starting point for

understanding many other sensing schemes used in the field today.

The first step for many of the sensing schemes is to initialize the NV center in a su-
perposition state by applying a 5 gate after green laser initialization (Equation 1.8a).
The NV center, as an electron spin, interacts with external fields by precessing about
them (in a classical picture). By initializing it in a superposition, that is, along an axis
perpendicular to the sensor quantization axis, it will precess around fields with a com-
ponent parallel to the NV center quantization axis. The precession of the spin around
such a field will be evident by the phase accumulated in the superposition state, which
will be proportional to the magnetic field and the sensing time (Equation 1.8b).

¥ (0) = ﬁ(|0> +11) (1.82)

9) (1) = 5= (00 + €9 1) = = (10) + & 1) (1.8b)
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DC MAGNETOMETRY

The first group of interactions is DC interactions. The third and fourth terms in the
Hamiltonian (Equation 1.6) can be modeled as DC interactions where the hyperfine
or dipolar coupling effectively shifts the NV center energy levels while lifting the de-
generacy of the coupled spin state. For example, Figure 1.2a presents schematics of
the NV center energy levels under a strong hyperfine coupling to a nuclear spin. Most
strong hyperfine couplings are usually found with the nitrogen nuclear spin of the
defect where the hyperfine strengths of N to the electron spin are 4| = 3.03 MHz
and 4, = 3.65 MHz*” or with the nuclear spin of the carbon isotope *C where the
strength of the coupling depends on the distance (and relative angle) of the nuclear

isotope from the defect33.

The pulse sequence I focus on for DC interaction sensing is Ramsey magnetometry.
The pulse sequence is illustrated in Figure 1.3a, where it starts with initializing the
sensor in a superposition. The spin accumulates a phase during the sensing period
as described above, and finally, it is projected back on the read-out axis with a 7 gate.
During this scheme, any fast-rotating AC magnetic field is averaged to zero, leaving
only DC static fields to dominate the accumulated phase. This pulse sequence is also
the foundation of the methods reported in Chapters 2 and 4.

Figure 1.3b displays two examples of Ramsey measurement detecting the hyperfine
interaction with the nitrogen nuclear spin. Both were measured from the same NV
but with different wypw frequencies of the driving BW field. The signal in blue was
measured with a driving frequency situated in the middle between the two eigenstates
of the NV center, separated by 3 MHz due to the nitrogen hyperfine coupling, reveal-
ing two oscillating signals from two DC fields rising from the two detuned eigenstates
of the sensor. The signal in purple was measured with a driving frequency that exactly
matched one of the eigenstates, showing only one robust oscillating signal from the
3 MHz detuning from the second eigenstate. Both measurements indicate a decoher-

ence time of approximately 75 = 2 ps.

The non-single-shot nature of the NV center obliges us to repeat such a measure-
ment for R number of times, creating an averaging effect of noise on the signal, which
translates into fast decay of coherence (discussed widely in Chapters 2 and 4). This
decoherence of the Ramsey measurement is expressed as the 73 decay time, which is
also the limiting factor of the measurement and a result of the inhomogeneous spin
dephasing averaging. This time is translated to the possible strength of DC magnetic
fields that can be detected yy B < %2 39,
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AC MAGNETOMETRY

The second group of interactions is AC fields. AC magnetic fields can be found, for
example, in the bath of nuclear spins oscillating in the Larmor frequency in the vicin-
ity of the sensor. One basic pulse sequence for AC magnetometry is the Hahn echo#°.
The pulse sequence is illustrated in Figure 1.3¢. It also starts with initializing the spin
into a superposition state. However, differently from Ramsey magnetometry, there is
an additional 7 gate located within the sensing period between the first and second 5
gates. At each of the interaction periods, the sensor is accumulating a phase propor-
tional to the interaction time @, , = y\y B 71/2. The phase accumulated in the first
sensing period will flip a sign due to the 7 gate, resulting in ¢_ — 8|71

Once the two sensing periods are the same - 7; = 7, these phases are the same up toa
sign, causing all phases accumulated in the first period to refocus in the second period.
This scheme also allows the refocus of the fast-rotating AC fields, contributing to the
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Figure 1.3: (a, b) lllustrations of the Ramsey (a) and Hahn echo (b) pulse sequences. Green laser pulses are used
to initialize and read out the spin state. Microwave pulses (blue) on the NV center resonance frequency are used
to manipulate the sensor state. (c) Two measured Ramsey signals with oscillations showing the detuning of the
driving frequency from the eigenstates of the sensor separated by 3 MHz due to hyperfine coupling the nitrogen
nuclear spin. (d) Two measured Hahn echo signals. The blue signal was measured from an NV center with a strongly
coupled carbon nuclear spin with an inset of a higher time resolution measurement focused on times up to 4 us.

The purple signal was measured from an NV with no strongly coupled carbons.
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fast decoherence of the Ramsey sequence. Nevertheless, an AC field, with frequency
1

exactly the opposite field —B) on the second period, together these will add up to a

on the order of @ ~ 5 would contribute a field B on the first interaction period and
detectable phase on the sensor that will not be refocused??. Yet, due to the averaging
nature of the sensor, it is subjected to decay in the coherence owing to slow oscillating
fields. This decoherence is denoted as the sensor’s 7> transverse decay time, which is
the homogeneous dephasing of the spin. This time also limits the Hahn echo measure-
ment to fields with frequency higher than » > TLZ The upper limit is established by
the length of the gates applied to the sensor which depends on the coupling strength
to the MW field.

Figure 1.3d shows an example of two Hahn echo measurements of two different NV
centers. One NV center, in blue, shows clear collapses of coherence with a frequency
of70.8 £1.1kHz matching the Larmor period of carbon atoms at the bias field of 326 G
that was applied externally. On top of the collapses, the inset in Figure 1.3d presents a
measurement with higher resolution in time and shows oscillations with a frequency
of 5.7 + 0.1 MHz attributed to the strong hyperfine of the sensor to a carbon nuclear
spin+"38. The second NV center, in purple, shows no strong coupling to carbon spins
and, therefore, a long decay time 0f 12.2 £ 1.3 ps.

The Hahn echo scheme is the first and most simple pulse sequence from a family
of sequences of dynamical decoupling*>+3. These schemes utilize a train of 7 gates
to refocus the noise and decouple the sensor from a wide range of fields, thus pro-
longing the coherence time and enhancing sensitivity to the target field. Correlation
spectroscopy such as Qdyne improves the spectral resolution of dynamical decoupling
techniques to a sub-millihertz resolution++. On top of the dynamical decoupling se-
quences, there are more pulse sequences aiming to cover other regimes of the spectrum,
such as relaxometry for fields in the GHz regime > and quantum mixing technique for
hundreds of MHz regime°. These schemes will not be elaborated on in this section

since they are out of the scope of this work.

1.2.4 THE NV CENTER AN ELECTRON SPIN SENSOR

Sensing electron spins can provide structural and dynamic information of a wide va-
riety of molecules and proteins. A very powerful and widely used technique for this
purpose is electron paramagnetic resonance (EPR)#7. The signal in this technique
rises from averaging a magnetic signal over a large sample of the target material, and
electron spins in question. Although powerful, this tool lacks the resolution to ob-

serve, for example, heterogeneity in the ensemble or time-dependent kinetics of inter-
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actions*®. To this end, sensing methods such as single NV centers in diamonds, which
have atomic-size defects, are leading sensors to address the field of single-molecule sens-
ing. This sub-section will cover the methodology used today for single electron spin

sensing with NV centers and the achievements of single-molecule sensing with it.

The sensing methods described above are not suitable for electron spin sensing. Due
to their large gyromagnetic ratio, electron spins exhibit a high Larmor frequency, ren-
dering AC magnetometry methods based on dynamical decoupling impractical. How-
ever, this large gyromagnetic ratio also enhances dipolar coupling between the electron
spins and other spins, allowing interaction with the NV center and the induction of a
detectable DC magnetic field. This field can be measured using Ramsey magnetom-
etry or ODMR, both of which are constrained by the sensor’s dephasing time, 73.
Consequently, for effective detection, the interaction strength must exceed %2, linking
NV center decoherence to its proximity to the target spin. A shorter distance enhances
dipolar coupling, strengthening the interaction. However, detecting an electron spin
external to the diamond lattice requires positioning the NV center near the diamond
surface, which increases noise and shortens the decoherence time 349, often limiting

the detection of dipolar-coupling-induced DC fields.

Exploiting the knowledge and background formed from decades of research from
the EPR community, we can adopt a method called double electron-electron reso-
nance (DEER) pulse sequence that overcomes the limit imposed by 73 and enhance
the sensitivity to the dipolar coupling to a target coupled electron spin’°. In this se-
quence, a driving pulse on the target electron spin resonance frequency is used to effec-
tively change the DC interaction to an AC interaction, enabling the use of AC sensing
methods like Hahn echo.

The pulse sequence is illustrated in Figure 1.4a and is based on the Hahn echo pulse
sequence. A driving 7z pulse on the target electron spin frequency w, (purple) is ap-
plied simultaneously with the 7 pulse addressing the NV center (blue). The target
electrons’ 7 pulse flips the state of the target spin, effectively flipping the dipole-dipole
interaction sensed by the NV center exactly at the frequency detected by the Hahn
echo interaction time, therefore accumulating a phase caused by this interaction. The
flipping is possible if the target spin eigenstates are well-defined and the interaction
Hamiltonian follows Equation 1.7.

Using the DEER pulse sequence while varying the interaction times, named DEER-
time henceforth, can be a platform for detecting dipolar coupling. The phase accu-
mulated on the superposition state with each interaction time is proportional to the
dipolar coupling such that |y) = |0) + ¢? |1) where ¢ ~ w47, with a simulation of the
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DEER-time pulse sequence presented in Figure 1.4c. The DEER pulse sequence can
also detect an ensemble of electrons; in this case, the phase will be a sum of all dipolar

couplings, resulting in an exponential decay5".

Another way to employ the DEER pulse sequence to sense electron spins is to fix
the sensing time and apply a 7 pulse with varying the 7 pulse frequency, named DEER-
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Figure 1.4: (a) lllustrations of the DEER pulse sequence. Green laser pulses are used to initialize and read out the
spin state. Microwave pulses (blue) on the NV center resonance frequency are used to manipulate the sensor state,
and MW pulses on the target electron resonance frequency (purple) are used to manipulate the electron state. (b)
Example of an experimental signal of DEER pulse sequence on an NV sensing an ensemble of free electrons at a
biased magnetic field of 480 G. (c) Simulation of a DEER-time pulse sequence where the interaction time is varied,
and the driving frequency of the electron is fixed. Oscillations are at 832 kHz rising from the dipolar coupling
of the NV center and the electron, which are simulated with a 5 nm distance. (d) Two simulations of a DEER
frequency pulse sequence at 400 G where the evolution time is fixed to be Fﬁ=1.8 us for maximum signal.
The first simulation is of a free electron (green) with one resonance frequency detected, and the second is of an
electron hyperfine coupled to a nuclear spin of copper with S=% and hyperfine strength of A=20 MHz (blue) with

four detected resonance frequency rising from the hyperfine coupling.
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frequency henceforth. This approach aims to find the target electron spin’s resonance
frequency in the case where the frequency is not a result of only the Zeeman shift. For
example, due to hyperfine coupling, different gyromagnetic ratios (effective ¢ factor),
or chemical shifts caused by the chemical environment of the electron spin. In this
case, the sensing time is usually set to be the 75 of the sensor to allow accumulating
most of the phase before completely losing the signal.

Figure 1.4d shows simulations of a DEER pulse sequence for an NV center coupled
to electron spin with (blue) and without (green) hyperfine coupling to a nuclear spin
of I = 3/». The simulation shows the reduction in signal in a case where the electron
spin state is thermally distributed with all four nuclear spin states. In the simulation,
the electron spin is situated 5 nm away from the sensor, making them strongly coupled.
Therefore, the interaction time chosen was 7 - ﬁdd to accumulate the maximal phase
and acquire the maximal signal. Figure 1.4b shows an example measured signal, where
the sensor is sensing an ensemble of weakly coupled electron spins. Therefore, the
interaction time is set to the 7 of the sensor to acquire as much signal as possible.

This technique for electron spin sensing was used so far with NV magnetometry for
electron spin sensing within the diamond lattice*, on the surface of the diamonds’,
and in molecules situated on top of the diamond53:54. It has shown high practicality
and applications. However, it is still not free of problems. First, it is limited by the co-
herence time of the sensor (73), as electron spins weakly coupled will not be detected
if wgy < 1/215. Second, the relaxation time of the target electron spin (77) has to be
longer than the measurement time, electron spins with shorter 7; will spontaneously
flip the state, and it will not be correlated with the sensor’s flipping. Finally, as illus-
trated in Figure 1.4d, an electron spin with a complex resonance frequency structure,
for example, due to hyperfine coupling, would be harder to detect in a real-life exper-
iment holding noise sources and further complexity from the target electron system.
This challenge is addressed widely in this research in chapters 2 and 3.

1.3 MOLECULAR SPIN QUBITS

The second quantum revolution has pushed research to find more quantum systems
relevant to technology and application uses. The world of chemistry has, therefore,
also entered the quantum technology area by searching for quantum systems within
chemical systems. Chemistry has two main advantages that can push forward quan-
tum applications: First, it is a rich world that holds a large variety of techniques, al-
lowing for high flexibility in constructing chemical compounds with the relevant re-
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quirements for a specific quantum system. Second, it bears the potential for scaling
up quantum systems for quantum information processing purposes, since molecules

are identical units holding identical properties s 5:56:57

These advantages are a good motivation to search and design molecules that can ful-
fill all five requirements from quantum bit (qubit) to be a good candidate for quantum
information processing in general and quantum technologies specifically 8. The five
requirements include some of the requirements from a quantum sensor presented in
Section 1.1, such as being able to initialize and coherently manipulate the qubit. On
top of these, the system should also have a long coherence time, the ability to apply a
universal set of quantum gates and be scalable where each qubit can be individually
addressed and measured.

The search within the world of chemistry for quantum systems is focused on a
group of molecules named molecular spin qubits (MSQ). MSQs can be a large vari-
ety of molecules that hold an electronic spin 595°. Many MSQs consist of at least one
metal ion surrounded by organic ligands. The qubit is the electron spin concentrated
on the metal ion, which can have discrete resolved eigenstates upon a bias magnetic
field, and these states can be addressed using a relevant MW field. Surrounding the
metal ion, there are ligands that can act as a shield from noise when using spin-free

atoms and designing it to fit in a spin-free environment®>°T,

This structure also allows for the increase of the qubit coherence time at temper-
atures above liquid helium. These two characteristics satisfy two of the addressed
requirements above. The design of the molecules in such a way that they can cre-
ate chemical chains or sheets of MSQs makes this system potentially possible to scale
up 53,02 Scaled-up systems, along with strong gradient fields that can make them spec-
trally separated by special locations, can also be individually addressed 3040552 (see
also Appendix F.1). Finally, out of the five requirements, only initialization and indi-
vidual read-out are left. Recent studies also focus on a group of molecules with elec-
tron energy levels similar to the NV center scheme oftering optical initialization and
read-out ®%67:68,

All the traits mentioned above form the great potential hidden in the rich world of
molecular spin qubits as possible processing units for quantum technologies. To push
the potential to a practical option, research in this field has to gain some insight into
the single molecule behavior. So far, the techniques used to study these molecules in-
clude EPR > molecular break junctions”7", and scanning tunneling microscopy
(STM)7>. Each provides a different sensing aspect to the molecules. EPR can provide

a strong magnetic signal from an ensemble of molecules. However, it is missing the
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single-molecule information crucial for making them single-unit processors for quan-
tum technology. Break junctions can also detect electric properties on the single unit
regime but lack magnetic information and scalability. Finally, STM-EPR provides the
single-unit magnetic aspect but still cannot be easily scaled up and cannot assist with
interacting with the MSQ for manipulation purposes.

The NV center, similar to the STM-EPR method, can potentially provide the neces-
sary resolution for single molecule sensing. However, unlike the STM-EPR, it can ad-
ditionally offer an interaction channel with the MSQ, which is essential for molecules
with no optical initialization and read-out. Additionally, the NV center has the po-
tential for scaling up to some degree”>7+757¢, offering hypothetical parallelizing of a
complex system of an NV center coupled to a network of MSQs as a quantum proces-

sor’7,

1.4 RESEARCH SUBJECT AND ADDRESSED QUESTIONS

The hypothetical prospect of utilizing the NV center as an atomic scale magnetic sen-
sor for MSQ and employing its advantages in a hybrid quantum system with the MSQs
is still a long way from being fully realized. The NV center has proven its ability to
sense external electron spins, however, published work in this field focused on elec-
tron spins without the complexity of being embedded in a molecule and sometimes
strongly coupled to a nuclear spin. Therefore, the research goal is to use the NV cen-
ter as a sensor for electron spins in molecules in general and for MSQs specifically.
Achieving this goal will open the possibility of using the NV center for more complex
sensing applications.

Based on the knowledge gathered for decades on the NV center as a sensor, we want
to establish a methodology for using it to sense electron spins with the complexity in-
herited from the molecule they are part of. To this end, I aim to enhance the sensitiv-
ity and stretch the limits of the NV center while utilizing different technical methods.
The methods I studied also form the subjects addressed in the study with respect to
the benefit they bring to the NV center’s sensing abilities:

* Extending the NV center coherence time for MSQ sensing with correla-
tion spectroscopy: Study of a novel correlation spectroscopy pulse sequence
designed to address complex magnetic spectrum systems while extending the co-
herence time of the NV center.

* Enhance electron spin sensing with adiabatic pulses: Study of the effect that

adiabatic pulses have on the sensitivity of NV center to surface electron spins.
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* Enhance DC sensitivity with machine learning in real-time: Study of a Bayesian
inference approach for quantum phase estimation with the NV center as a non-
single shot read-out sensor to enhance the sensor sensitivity to DC magnetic

fields.
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An expert is a man who has made all the mis-
takes which can be made, in a narrow field”

Niels Bohr

Sensing molecular spin qubits

THE MAIN GOAL OF THIS WORK IS TO USE THE NV CENTER AS A QUANTUM MAG-
NETIC SENSOR FOR SINGLE MSQ SENSING. Although sensing of single electron spins
with the NV center was previously performed 5>5"53, the goal of sensing an electron
spin inside a molecule holds several challenges. This chapter focuses on the effort
invested in overcoming these challenges and pushing the NV center sensing abilities
closer to the desired goal of sensing MSQ and potentially also forming a hybrid system
of NV center and MSQs.

MSQs exist in various forms, and given that the primary motivation of this work
is the sensing capabilities of the NV center, we focused our study on two potential
MSQs. The first, copper phthalocyanine (CuPc)®?, served as the target molecule for
both the numerical and experimental research presented in this chapter. The the-
oretical background of CuPc and the rationale for selecting it will be discussed in
Section 2.1. The second MSQ, synthesized by Prof. Danna Freedman’s group at the
Massachusetts Institute of Technology (MIT)®*, consists of a vanadium metal center
surrounded by sulfur-based ligands. While promising in some aspects, this molecule
posed challenges when applied to the diamond surface. Consequently, it was not the
primary focus of this chapter. The background and efforts related to this MSQ are
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detailed in Appendix C.2.

Focusing on CuPc as the target MSQ, I introduce a novel pulse sequence in Sec-
tion 2.2, which includes an adiabatic microwave pulse to manipulate the MSQ spin
and a correlation scheme designed to enhance the NV center’s coherence. In Sec-
tion 2.3, I present the experimental and numerical results of the pulse sequence, struc-
tured into three subsections. The first (Subsection 2.3.1) presents numerical simu-
lations that outline the potential applications of the proposed approach. The sec-
ond (Subsection 2..3.2) provides an experimental proof of concept. The third (Sub-
section 2.3.3) details experimental results obtained from an optimized sample, while
additional preliminary samples are discussed in Appendix C.1. Finally, I conclude the
chapter by summarizing the key achievements of this work and highlighting open chal-
lenges that require further investigation.

2.1 BACKGROUND

To use the NV center as a quantum sensor for the electron spin in an MSQ, we begin
with the DEER pulse sequence, introduced in Subsection 1.2..4, a standard method for
electron spin sensing. For this method to yield a detectable signal, the dipole-dipole
interaction between the sensor and the target spin must be sufficiently strong, satis-
fying the condition w,; > T% The interaction strength (w,,) primarily depends on
the distance between the spins. Therefore, to sense electron spins external to the dia-
mond lattice—specifically, spins embedded in molecules—the target spins must be po-
sitioned on the diamond surface, while the NV centers must be as close to the surface
as possible. This necessitates the use of shallow-implanted NV centers (see Appendix
A.3). Consequently, the diamond surface becomes a crucial parameter, influencing
key considerations for selecting suitable MSQs and determining the necessary surface
treatments for the diamond.

Beyond surface considerations, two additional essential requirements must be met
for a viable MSQ. First, the MSQ should exhibit long coherence (7%) and relaxation
(77) times, which are critical for quantum sensing and processing. Reported relaxation
times in the literature provided an initial basis for selection. However, it is important
to note that most molecules experience a reduction in relaxation and coherence times
when placed in environments with a high density of electron spins—including MSQs
themselves. This constraint necessitates choosing MSQs in a way that allows control
over their surface density on the diamond.

Second, the molecular structure and hyperfine interactions significantly influence
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the target’s magnetic spectrum. The MSQs considered in this work contain a metal
atom with a high nuclear spin, which interacts with the target electron spin via hyper-
fine coupling. This interaction modifies the magnetic spectrum of the electron spin
and, if 4NV > ;/eB(O), also alters its quantization axis. In such cases, it is crucial to select
molecules whose preferred orientation on the diamond surface can be controlled, as
illustrated in Figure 2.1b. This control minimizes variations in the alignment of the
MSQ’s quantization axis relative to that of the NV center, ensuring more consistent

and predictable measurements.

2.1.1 COPPER PHTHALOCYANINE

Considering the above requirements, the MSQs selected for this study were copper
phthalocyanine (CuPc) with the molecular formula C3,HysCuNs ®* (Figure 2.1a) and
vanadium-based complexes V[CgSg]3 and VO[CsSs),, synthesized by Prof. Danna Freed-
man’s groquI. This chapter focuses on CuPc, as it best met some selected criteria,
while efforts on vanadium-based complexes are detailed in Appendix C.2.

CuPc is well-studied, with research reported on its layer formation”®7?, annealing

80,81,82 62,85

effects , purification®3, optical properties®*, and magnetic characteristics

These studies confirm that CuPc meets most of the key requirements, detailed below:

1. Magnetic properties

(a) Decoherence time (73) of microseconds at cryogenic temperatures®>.

(b) Relaxation time (77) in the millisecond range when deposited at low den-

sity and low temperature®* (Figure 2.1¢).
2. Controlled surface deposition

(a) Depositable via molecular evaporation, allowing high control over layer

formation 857,

(b) Planar structure promotes alignment with a 54.7° angle relative to the NV
center, reducing orientation uncertainty *® (Figure 2.1b).

(c) Controlled concentration achievable by co-depositing H, phthalocyanine
(H,Pc), ensuring a low electron spin density 89-¢%9° (Figure 2.1a).

3. Potential hybrid NV center—MSQ quantum device
CuPc’s compatibility with molecular evaporation facilitates its use in quantum
networks, where NV centers act as initialization and readout qubits while MSQs

function as processors.
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Figure 2.1: (a) lllustrations of a CuPc (left) and H,Pc (right) molecule. (b) Schematic representation of CuPc and
H,Pc molecular layers on a diamond surface, shown without (left) and with (right) a preferred orientation, where
the latter are aligned flat on the surface. Red arrows indicate the electron spin quantization axis in the absence of
a magnetic field. (c) EPR measurements of CuPc relaxation time (77) at varying concentrations.(d) EPR magnetic

resonance spectra of CuPc at different concentrations. Panels (c) and (d) are reprinted from Ref.62.

The magnetic spectrum of CuPc, measured via EPR, reveals four main resonance
frequencies®* (Figure 2.1d). Atlower CuPc concentrations, additional resonances ap-
pear, attributed to the electron spin Hamiltonian (Equation 2.1). The electron spin
exhibits strong hyperfine coupling to the /°* = 3/2 copper nuclear spin, with reported
values of 4S" = —648 MHz and Aijyy = —83 MHz, which generate the four primary
resonance peaks. Additional resonances arise from hyperfine interactions with four

neighboring 7 = 1 nitrogen nuclei (4%, = 57 MHz, 4Y 1,y = 45 MHz).
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Hewpe = }/EB(O)O'C + 1040 Z IN4Nge (2.1)
=1
The hyperfine coupling along the molecule’s zcyp axis, perpendicular to the molec-
ular plane, dictates its quantization axis and eigenstates. This axis does not necessarily
. . . . 0) .
align with the NV center’s z axis. However, when an external magnetic field Bg ) is ap-

plied parallel to the NV center’s 2 axis (Figure 2.2d), the molecule’s quantization axis
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Figure 2.2: (a) Energy diagram of the electron spin of a CuPc molecule as it is changing with the magnetic field

strength and with a §,=54.7° angle between the molecule z axis and the magnetic field direction. The inset shows
the energy diagram of the molecule under an aligned magnetic field. (b) Energy diagram of CuPc molecule under a
bias magnetic field of 65 G and at different angles between the magnetic field and the molecule z axis. The inset
shows the energy diagram at a magnetic field of 1000 G. (c) lllustration of the NV center and the CuPc molecule

axes as they oriented in the lab frame. (d) The molecule axes system and the vector connecting the NV center and
the molecule () rotated to the NV center axes system.

27



shifts based on field strength (A, Bgo)) and relative angles (64, ¢ ,) (Figures 2.2¢, 2.2d).

Due to CuPc’s symmetry in the Zcupe and jcupe axes, the polar angle ¢, does not
affect the electron spin eigenvalues, while the tilt angle 8, does. When 6, = 0, the
states align with the system’s z axis, and energy changes follow the Zeeman effect (Fig-
ure 2.2a). For 8, # 0, eigenstates and eigenvalues vary across different bias field
regimes. When hyperfine coupling dominates (;/EB(O) & Ag), the electron spin ex-
hibits a ~ 648 MHz energy split (Figure 2.2b). When the Zeeman term dominates
(768(0) > A,,), eigenvalues center around the Zeeman energy, with hyperfine effects
determined by the projected hyperfine matrix (inset, Figure 2.2b).

NV centers in diamond are oriented at 54.7° to the surface normal®®. CuPc, a planar
molecule, is expected to form parallel layers on smooth surfaces®’, aligning its zcupc
axis perpendicular to the diamond surface (confirmed in Section 2.2). This results in
a system with 4, = 54.7° between the molecule’s hyperfine axis and the NV center’s 2
axis, as shown in Figure 2.2c. In the rotating NV frame (Figure 2.2d), this orientation,

along with the molecule’s relative position (7,6,, ¢,), determines the system’s behavior.

2.1.2 CHALLENGES IN SENSING MSQs

With the dipole-dipole interaction between the NV center and the CuPc electron spin
in focus, we explore the possibilities offered by the DEER pulse sequence discussed in
Subsection 1.2.4. This pulse sequence isolates electron spins interacting with the NV
center while minimizing noise by employing the Hahn echo pulse sequence, combined
with a synchronized MW pulse on the target spin. This MW pulse acts as a selective
probe.

One approach is to fix the time between the MW pulses on the NV center (7/2) to
the 75 of the sensor while sweeping the frequency of the MW pulse («.) applied to
the target electron spin to locate its resonance frequency (Figure 1.4d). Alternatively,
the frequency of the MW pulse can be set to the resonance frequency of the target
spin while sweeping the time between the NV pulses (7/2) to extract the dipole-dipole
coupling strength (w ).

Both methods assume the target electron spin has only two energy levels, allowing
manipulation with a single MW frequency. However, in MSQs with metal atoms, the
electron spin is typically strongly coupled to the metal’s nuclear spin—copper in the
case of CuPc—causing a breakdown of this simple two-level picture. In thermal equi-
librium, the electron spin state distributes among multiple states, making it impossible
to define a single frequency for flipping its state. This complicates both approaches,
making them impractical in cases involving multiple eigenstates.
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In the first approach, a signal is only detected when the MW frequency matches one
of the electron spin transitions. Under hyperfine coupling, the spin can occupy mul-
tiple states with probabilities dictated by the Boltzmann distribution. Under mod-
erate temperature and magnetic field conditions, this distribution is approximately
uniform, reducing the contrast of each detected resonance frequency. The reduc-
tion factor is proportional to the inverse of the number of frequencies in a uniform
distribution (Figure 1.4d shows a simulation of this case). Since a detectable signal
must exceed system noise, a reduction in signal requires an equivalent reduction in
noise. Noise decreases with the square root of the number of repetitions, such that
(SNR) = /N - SNR, where SNR is defined in Equation 1.1. If each resonance fre-
quency’s signal is reduced by a factor of P, the number of repetitions must increase to
N =D

Naively, we can assume the CuPc electron spin interacts only with the copper nu-
clear spin, splitting the energy levels into eight states and producing four electron spin
resonance frequencies, meaning P = 4. This results in a 16-fold increase in measure-
ment repetitions to achieve the same signal-to-noise ratio. However, additional hy-
perfine interactions with four nitrogen atoms further split the energy levels, leading
to a total of 648 states, causing an exponential increase in measurement repetitions.
Longer measurement times introduce additional noise from experimental drifts, mak-

ing this method impractical.

Beyond signal reduction, hyperfine coupling also alters the spin’s quantization axis.
A tilted quantization axis complicates the analytical solution, but it is clear that if the
quantization axis tilts, the MW driving field should also be adjusted accordingly. In
cases where the electron spin is aligned with the NV center, they share the same MW
field direction (B!)). Consequently, Rabi oscillations detected on the NV center di-
rectly indicate the MW pulse interaction strength with the target spin, allowing de-
termination of the 7 pulse duration. However, a tilted quantization axis modifies the

MW interaction strength, complicating the application of an ideal 7 pulse.

Furthermore, the tilted axis give rise to superposition eigenstates, making them lin-
ear combinations of the untilted eigenstates. For a simple system involving an electron
spin and a copper nuclear spin, the untilted states are |, m$"), where m; = +1/> and
m§" = 43/2/ £ 1/2. The resulting superposition reduces the signal further, as a spin-
flip may not fully switch the electron spin state but rather alter partial populations.
Consequently, the DEER sequence detects only partial spin flips, further weakening
the signal.

These effects are illustrated in the simulated DEER frequency sequence results shown
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in Figure 2.3. The simulation models a system with a single NV center and an elec-
tron spin located s nm away, coupled to a nuclear spin of 7 = 3/> with the CuPc cou-
pling matrix. MW pulses are aligned with the transverse axis of the NV center, while
the electron spin’s quantization axis shifts according to the hyperfine coupling angle
and magnetic field magnitude. The figure displays three cases with magnetic fields of
65G, 700 G, and 4000 G. The black dashed line highlights four clear resonance fre-
quencies from hyperfine coupling in all three cases as the bias field is aligned with the
molecule hyperfine axis. For a small tilt angle (10°), the four resonance frequencies re-
main distinct across all field strengths, indicating minimal impact on the quantization
axis. However, for a tilt angle of 5 4.7°, expected for CuPc on the diamond surface, the
spectrum at 65 G is distorted. At high magnetic fields where ;/B(O) > 4, the quantiza-
tion axis remains aligned with the NV axis, preserving the resonance structure.

For the second approach, where the MW pulse frequency is fixed and the interaction
time is swept, a resonance frequency of the target electron spin must be selected. Since
multiple resonances exist, working with a single frequency reduces the signal by a factor
of P. An alternative is to apply an adiabatic pulse, where the MW frequency is swept
during the pulse, covering a broader spectral range (see Chapter 3). However, for an
adequately broad pulse, the duration must be at least several microseconds (detailed

calculations in Section 2.2). As the DEER sequence is constrained by the NV center’s
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Figure 2.3: Simulated DEER frequency spectrum of an electron spin coupled to a copper nuclear spin with the
hyperfine coupling matrix of the CuPc molecule as reported by Warner et al.%2. The DEER spectrum was simulated
at three different bias magnetic fields of 65 G (left), 700 G (middle), and 4000 G (right) and with three different
angles between the magnetic field and the molecule z axis of 0° degrees (dashed black), 10° degrees (green) and

54.7° degrees (blue), as expected when the molecules are assembled flat on the diamond surface.
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T, which is also on the order of microseconds, this method cannot be implemented

effectively within the sequence.

These considerations show that the standard DEER pulse sequence is not well-
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Figure 2.4: (a) 2D map of the maximal possible depth of the sensor that can detect an electron spin on the surface.
The map calculates the depth for a range of the sensor coherence time 73 and the dipolar coupling between the
two, assuming the maximal frequency is given with 6, = 0. The red line indicates the depth of 5.7 nm where
minimal coherence time of ~ 5 s is required, and the orange line indicates the depth of 2.8 nm. (b) 2D map of
the minimal coherence time needed to detect an electron spin for a range of the NV center possible depth and
the angle of the electron spin on the surface with respect to the NV center location (6,). The red lines indicate
the coherence times of 1, 2, 5, and 20 ps where it can be realized that the sensing dome on the surface for an NV
center at 10 nm and 5 s is up to an angle of §, ~15°. (c) 2D map of the number of molecules with electron spin
expected inside the sensing dome of the NV center for 10 % CuPc molecules and a 10 nm thick layer. The map
calculates the number of molecules for a range of NV center depths and coherence times. A red line indicates the

minimal depth and coherence time needed for at least five molecules in the hemisphere.
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suited for this system. This challenge is addressed in the remainder of this chapter,
where we propose a novel approach that enhances NV center sensitivity to complex
spin systems like this one.

One more challenge that we address in this work is the trade-off between the NV
center’s coherence time (75) and the dipolar coupling strength (), both influenced
by the NV depth within the diamond. Dipolar coupling increases as the NV center
moves closer to the surface, necessitating a shallow depth. However, shallower NV
centers are more susceptible to surface noise, reducing their coherence time®>'3. To
illustrate this trade-oft, Figure 2.4a presents a 2D map of the sensor’s maximal depth
for various dipolar coupling strengths and coherence times. The plot assumes the tar-
get spin is situated on the vector 7 which is of size |r| from the sensor and on the same
direction as the bias magnetic field in the system, meaning the depth (/) of the NV is
b = |r|cos(54.7. The distance |r| determines the maximal detectable dipolar frequency
from surface spins at this depth. The figure highlights that lower dipolar frequencies
correspond to deeper sensors, requiring longer coherence times. For instance, 5.7 nm
depth requires a coherence time of at least 4.38 pis, whereas a 2.8 nm depth necessitates
0.57 ps.

Figure 2.4b further explores this parameter space by mapping coherence time re-
quirements for different sensor depths and angles (4,) of target spins on the surface.
The depth and angle determine a hemisphere with radius », which in turn defines the
dipolar coupling strength and the minimal coherence time needed for detection. Red
lines indicate coherence times of one, two, five, and twenty s, outlining the feasible
sensing range. For example, an NV center with a 1 s coherence time cannot detect
surface spins if deeper than 6 nm and is limited to a narrow sensing hemisphere at S nm
depth.

This analysis emphasizes the narrow parameter space for detecting electron spins on
the diamond surface. However, achieving this goal is possible by carefully optimizing
experimental conditions. Another significant source of noise affecting 7> is the BC
nuclear spin bath within the diamond lattice, which remains similar for both shallow
and deep NV centers. In this chapter, we introduce a novel technique to mitigate this

noise source and extend the effective sensing volume.

2.2 METHODS

Under the constraints and challenges presented above, we have carefully constructed
an experiment that places CuPc under the spotlight. The experiment included sample
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preparation consisting of well-characterized surface treatment, molecule deposition,
surface analysis, and a carefully constructed pulse sequence for targeted magnetic sens-

ing. Each part aims to address some of the challenges and criteria detailed above.

2.2.1 SAMPLE PREPARATION

Single-crystal diamond samples with shallow NV centers at average depths of 5§ nm
and 1o nm were used (for details on sample preparation, see Appendix A.3). To pro-
long the coherence time of these NV centers, all samples underwent a tri-acid boiling
and oxygen annealing process*®. The effectiveness of these treatments was optimized
using X-ray photoelectron spectroscopy (XPS) and validated through Hahn echo mea-
surements, as described in Appendix A.3.

CuPc and H,Pc molecules were co-evaporated onto the cleaned diamond surfaces.
To control the CuPc concentration, I first calibrated the evaporation rate of each molecule
separately, using atomic force microscopy (AFM) scans to measure the layer thickness
under different deposition conditions (Appendix A.3). The CuPc concentration in
the evaporated layer is a crucial parameter, as it directly impacts both the coherence
time of the NV sensor (73) and the relaxation time of the target spins (73)°2, both of
which are essential for effective DEER sensing. Additionally, it determines the num-
ber of spins within the NV center’s sensing volume. A lower CuPc concentration ex-
tends both 77 and 7> but decreases the likelihood of detecting a spin, while a higher
concentration shortens 77, making detection more challenging.

Considering these factors, we targeted a CuPc concentration of 10 % within the
molecular layer. At this concentration, the 77 of the molecular spins has been reported
to be on the order of tens of s (see Figure 2.1¢c). While a lower concentration could
extend the relaxation time by three orders of magnitude, it would also reduce the prob-
ability of detecting any molecular spins. To estimate this probability, I calculated the
expected number of spins within the NV center’s sensing volume. This estimation
was based on the hemispherical sensing region (Figure 2.4b), the molecular density of
phthalocyanine, and the thickness of a 30 nm evaporated layer. Figure 2.4c shows the
expected number of molecules at a 10 % CuPc concentration for various NV depths
and coherence times (for full calculations, see Appendix B.2).

For a Snm deep NV center, a T, shorter than 2.5 us results in fewer than five de-
tectable spins on average. For a 10 nm deep NV center, a longer 75 of approximately
7.5 us is required. This analysis shows that a lower CuPc concentration of 1% would
render detection nearly impossible, while a higher concentration would reduce 73,

again preventing detection. The chosen 10 % concentration thus represents a narrow
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Figure 2.5: SEM and AFM images of a 2 nm thick layer of CuPc on the diamond surface. On the left, images were

taken for a sample annealed at 300° degrees Celsius. On the right, images taken from a sample are not annealed.

but optimal window for magnetic sensing of molecular spins.

Beyond CuPc concentration, molecular orientation on the surface significantly im-
pacts the expected magnetic spectrum variations. Previous studies have reported a
phase transition in phthalocyanine layers upon annealing, leading to improved crys-
tallinity®*. To investigate this effect, two diamond samples with thick CuPc layers
were prepared—one annealed at 300°C for one hour and one left unannealed. Sur-
face characterization was performed using multiple techniques: AFM imaging, as-
sisted by Dr. Sidney Cohen; SEM imaging, conducted by Dr. Ifat Kaplan-Ashiri; and
X-ray diffraction (XRD) analysis by Dr. Anna Eden Kossoy to estimate molecular ori-
entation.

AFM and SEM scans confirmed that annealing promotes crystal formation, leading
to reduced surface coverage (Figure 2.5). Regardless, both annealed and non-annealed
layers exhibited good alignment with the diamond surface (see Appendix A.3, with an
estimated molecular tilt angle of 8, ~ 54.7° relative to the NV center axis. No single
preferred angle was observed for the transverse orientation (¢ ,), which was uniformly
distributed. Given the molecule’s high symmetry along the transverse axis, ¢ , has min-
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imal influence on the predicted eigenstates and energy levels of the target electron spin.
These findings indicate that annealing is not a necessary step for achieving the desired
molecular alignment on the surface.

2.2.2 MAGNETIC SENSING

The DEER pulse sequence was employed as a guiding principle for sensing external
electron spins while considering the aforementioned limitations. The primary chal-
lenge with the DEER pulse sequence is the narrow bandwidth of the microwave (MW)
pulse used to target the spin and the limited time window within the sensor’s 75 to ap-
ply this pulse. Additionally, if the target spin’s 77 is shorter than the full sequence du-
ration, it can further limit DEER effectiveness. However, using a low concentration
of approximately ~ 10 % allows for sequence durations extending to tens of microsec-
onds, typically exceeding the sensor’s 7.

To overcome the narrow bandwidth of the MW pulse, we consider employing an
adiabatic, also called chirp, pulse. The physics of adiabatic passage is thoroughly dis-
cussed in Chapter 3. In this section, I analyze the necessary chirped pulse parameters
required to enhance the MW pulse’s effect on the target spin. For a complete spin flip,
the MW pulse must cover all possible resonance frequencies and sweep through them
adiabatically, ensuring spin-state inversion from any initial eigenstate.

The resonance frequency range can span up to hundreds of MHz, particularly when
accounting for the expected spin angle of 8, = 54.7°. Due to hardware constraints, we
aim for a maximum frequency sweep width of 600 MHz. To evaluate the effectiveness
of such a broad pulse, we compute the possible adiabaticity factors (Q) as they vary
with pulse duration and frequency width (Equation 3.1a in Chapter 3). Figure 2.6a
presents a map of the possible Q factors for a sensor with a 1 MHz Rabi frequency,
consistent with the experimentin Subsection 2.3.3. The results indicate that achieving
an adiabatic pulse width of 600 MHz necessitates a pulse duration of at least 4 us. For
most shallow NV centers, this duration exceeds their coherence time. Thus, I propose
a modified approach: ‘splitting’ the DEER pulse sequence.

To apply the chirp pulse on the target spin without ‘losing’ sensor coherence, the
sensor must be aligned along the 2 axis, where it primarily undergoes longitudinal 73
relaxation, which is typically longer. However, along the z axis, the sensor is less sensi-
tive to dipolar coupling with the target spin. Therefore, I propose a hybrid sequence
incorporating both scenarios at different stages. The proposed sequence, illustrated in
Figure 2.6b, begins like standard NV center sensing sequences, with an initialization

green laser pulse followed by a 7/2 pulse to place the sensor in a superposition state on
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Figure 2.6: (a) 2D map of the adiabaticity factor of a chirp pulse for a range of pulse length and frequency span.
(b) lllustrations of the Ramsey correlation pulse sequence (top). Green laser pulses are used to initialize and read
out the spin state. Microwave pulses (blue) on the NV center resonance frequency are used to manipulate the
sensor state, and a chirp MW pulse on the target electron resonance frequencies (yellow) is used to manipulate the

electron state. The sequence is applied with four compositions of the MW pulse’s phases illustrated at the bottom.

the Bloch sphere’s transverse plane.

After initialization, the first sensing period of duration 5 allows for DC magnetic
field phase accumulation, denoted ®;. This phase accumulation concludes with the
first £ , pulse (the second overall), which projects the sensor back onto the z axis, ini-
tiating the correlation period. The phase of this pulse ¢ is crucial for isolating interac-
tions correlated with the sensor’s coherence time, as elaborated later.

During the correlation period, indicated as ¢, the sensor, now aligned with z, is
insensitive to the target spin’s interaction and unaffected by 7% decoherence but re-
laxes with 73. This period accommodates the long chirp pulse. The correlation period
concludes with the second 7/ 0 pulse (third overall), transitioning the sequence into
the second sensing period. As in the first sensing period, this second one lasts 7, ac-
cumulating a phase proportional to the DC magnetic field, ®,. The final /2 pulse
projects the sensor back to the z axis for readout. This sequence, previously reported
in EPR literature 394, was suggested theoretically for nuclear spin correlation®5; how-
ever, it has never been experimentally applied with NV centers and was never utilized
for electron spin sensing.

The two sensing periods function as Ramsey pulse sequences, making their accu-
mulated phases proportional to the net DC magnetic field acting on the sensor. The
DC field components include dipolar coupling to the target spin (wz;), MW detun-

36



ing (AB), hyperfine coupling (4%), and slowly fluctuating noise (dB) (Equation 2.2a).
Ideally, the accumulated phases in both periods should be identical (@; = @,).

O1(7) = (YAB+ wuy + AN + 753)% (2.2a)

S(Tv Tcon = Tsz) = S(@ = x) - S(@ :)/)
= cos(®Dy) cos(D;) — (— sin(Py) sin(D;))

1 [cos(@y + @3) + cos(Py — D,)] (2.2b)

+3 [ cos(Py + D3) + cos(Py — D,)]
~ Amp - cos(P; — D)

If the DC interaction remains unchanged between sensing periods, phase subtrac-
tion results in zero. However, if magnetic fields change between periods, they persist
upon subtraction. Specifically, an MW pulse flipping the target spin also flips its dipo-
lar interaction with the sensor. Thus, all other phase terms cancel, leaving only the
dipolar interaction component, expressed as S(7, Tcorr = Trix) = A cos(way7). The
extended correlation period accommodates a sufficiently wide chirp pulse, ensuring
its impact is perfectly correlated between sensing periods.

Interestingly, the NV center’s coherence time surpasses its 7% despite using Ramsey
sensing periods. Ramsey coherence decay (7%) arises from averaging phase accumu-
lation over measurements. If the field is DC, phase accumulation remains consistent
across iterations, producing oscillations. If the field fluctuates faster than measure-
ment time, phase accumulation varies per iteration, contributing to signal averaging
decay modeled by a Gaussian noise distribution (Equation 2.3). Intuitively, a longer

interaction times amplify variance of the noise, thus accelerating decay.

2

S = /e_a(gg)Z cos(ydBt)ddB = ¢ (2.3)

While Ramsey decay stems from averaging, Hahn echo extends coherence by refo-
cusing accumulated phase fluctuations. A similar effect occurs in the Ramsey corre-
lation sequence for noise that fluctuates slower than a single iteration: noise-induced
phase accumulation in the first period (®;(noise) = ydB%) cancels with that of the
second (P, (noise) = @;(noise)) for the cosine component of subtracted phases (Ap-
pendix B.3)%5.

Noise fluctuating within Tcoy, is denoted dBcorr, while faster noise is 96, Evaluat-

ing their effects in Equation 2.2b shows correlated noise contributes only to summed
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phases, while uncorrelated noise affects both terms. Since correlated noise is iteration-
specific, it remains uncorrelated between x/y phase shifts, resulting in a noise-induced
phase in the added phases term. Combining Equations 2.2b and 2.3, we derive the
final expected signal (Equation 2..4a, full derivation in Appendix B.4).

S(r) = / e [S(p = x) — S(p = y)] ddb

_Z
~ ¢ 4 cos(wyy)

(2.42)

S(z) = / =2 t3Bco) [5(0 = x) + S(@ = 9)] d(9b + 3Bcor)
(2.4b)

2
~e n cos(yB(O) + 4N)

While the subtracted signal still decays due to uncorrelated noise between itera-
tions, the decay is slower than a standard Ramsey signal (Equation 2.3), as correla-
tion removes specific noise sources, which still affects the added signal. This enhanced
coherence extends the detection window for the MSQ signal, as explored in Subsec-

tion 2.3.3.

2.3  RESULTS

Based on the suggested pulse sequence, I have carried out a number of experiments,
starting with simulations mimicking an NV center sensing a CuPc and a proof of con-
cept using a room temperature measurement with an NV center coupled to an elec-
tron spin in the diamond lattice, and Finally with cryogenic measurements with shal-
low NV centers aiming to sense a thin layer of 10 % CuPc in a ~ 30 nm thick H,Pc
layer. The results revealed the superiority of the method and some counterintuitive

enhancement effects that will be discussed in Section 2.3.3.

2.3.1 NUMERICAL SIMULATIONS

Before experimentally applying the pulse sequence on an NV center, I conducted nu-
merical simulations using the Python package QuTiP ¢, which is designed for solving
the time evolution of quantum systems. The first simulations focused on modeling an
NV center (an electron spin with hyperfine coupling to a nitrogen nuclear spin) and a
free electron spin positioned S nm away from the NV center. These simulations were
employed to demonstrate the capability of the technique to distinguish between DC
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magnetic fields, which are not induced by dipolar coupling to electrons, and electron
spin dipolar coupling.

The time-domain simulation results are presented in Figure 2.7a, where two sig-
nals are plotted, corresponding to the two different phases (¢ = x/y) with a readout
phase of ¢, = x. Subtracting the signals corresponding to different ¢ phases yields an
oscillatory signal with a frequency of w,; = 828 kHz, as extracted from a fast Fourier
transform (Figure 2.7b). This frequency aligns with the expected dipolar coupling sig-
nature of an electron spin located 5 nm away. Conversely, summing the signals from
different g phases results in another oscillatory signal with a frequency of 4 = 3 MHz,
which corresponds to the hyperfine coupling of the NV center to the nitrogen nuclear
spin. This signal is also detected via Ramsey correlation since it originates from a DC
magnetic field. These simulation results validate the theoretical framework discussed

earlier and confirm the potential of the pulse sequence to detect dipolar coupling.

To further assess the method, I simulated the pulse sequence on a system with pa-
rameters mimicking those of CuPc. In this simulation, I modeled the NV center as an
electron spin without the nitrogen nuclear spin to simplify computations. The CuPc
molecule was represented as an electron spin coupled to a copper nuclear spin (7 = 3/2)

with the g factor and hyperfine coupling values reported by Warner et al. ©

. The strong

hyperfine interaction necessitated the use of a broadband chirp pulse to fully invert the

electron spin state. When the chirp pulse was optimized to cover all electron spin res-
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Figure 2.7: Simulation of the Ramsey correlation pulse sequence for a system of an NV center coupled to a 5nm
away electron spin. (a) Simulated ¢ = x (red) and @ = y (orange) signal of the Ramsey correlation sequence.
Purple curve of the difference between the two signals. (b) A fast Fourier transform of the subtracted (blue) ¢ = x

and ¢ = y simulated signals and summed (green) signal.
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Figure 2.8: Simulation of the Ramsey correlation pulse sequence for a system of an NV center coupled to a 5nm
away electron spin coupled to a copper nuclear spin with hyperfine coupling of the CuPc molecule. (a) Subtracted
Ramsey correlation signal for different simulated chirp pulses with different adiabaticity factors and span. (b) Fast

Fourier transform of the simulated signals of (a).

onance frequencies (with a width of AF = 2.4GHz and Q = 4), a strong signal was
obtained, as shown in Figure 2.8a. However, reducing either the frequency span or
the adiabaticity factor led to a diminished dipolar coupling signal, as well as a weaker
signal extracted via fast Fourier transform (Figure 2.8b).

These results underscore the necessity of using a sufficiently broad chirp pulse to en-
compass as many resonance frequencies as possible while maximizing adiabaticity. In
practical applications, however, the achievable chirp pulse bandwidth and adiabaticity
are constrained by the sensor and target electron spin’s relaxation times, which were
assumed to be on the order of tens of milliseconds in the simulation but are typically
shorter in reality. Additionally, the simulation does not account for the complexity
introduced by the nitrogen nuclear spins in the CuPc molecule. Consequently, in
experimental conditions, the signal is expected to be further reduced due to the super-
position of states arising from the misalignment of the molecular axis relative to the
external magnetic field.

2.3.2 ROOM TEMPERATURE PROOF OF CONCEPT

To demonstrate the effectiveness of the proposed pulse sequence, I applied it to eight
NV centers at room temperature. These NV centers were created through nitrogen
ion implantation at an average depth of 10 nm in a single-crystal diamond (see Ap-
pendix A.3). Their coherence times ranged from 1 ps to 30 us. A bias magnetic field
of 350-450 G was applied. To evaluate the pulse’s impact on free electron spins, I com-
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pared results from Ramsey correlation measurements with standard DEER time mea-
surements for each NV center.

Both detection methods aimed to identify electron spins in proximity to the sensor.
In the DEER sequence, a MW 7 pulse addressed the electron spins, whereas the Ram-
sey correlation sequence employed a MW chirped pulse. Each scan was performed
twice: first, with a MW pulse centered around the expected resonance frequency of
an electron spin, calculated using the free electron gyromagnetic ratio and the NV
center’s ODMR-derived bias magnetic field; second, with no MW pulse during the
corresponding time window. For clarity, scans with the MW pulse are referred to as
‘on’ pulses, and those without as ‘off” pulses. The Ramsey correlation ‘on’ sequence
used a MW chirp pulse with and a duration of 4 s, resulting in a 25 MHz frequency
span.

Seven out of the eight NV centers exhibited no oscillations, suggesting weak cou-
pling to electron spins. However, weakly coupled electron spins are still expected
within the lattice and on the surface. Therefore, a change in decay rates between
the ‘on’ and ‘off cases was anticipateds’. All datasets were fitted to an exponential

decay function of the form 4 - exp [— (2%1)2] . The fitted decay time (7)) was ex-

tracted, and the percentage change between ‘on’ and ‘off’” sequences was calculated as:
AT, %] = %100,

I compared the percentage change in decay time between the DEER and Ramsey
correlation sequences in Figure 2.9a. The Ramsey correlation measurements (blue
bars) consistently showed shorter decay times in all but one NV center when the MW
pulse was ‘on’, indicating effective detection of NV center interactions with distant
electron spins. In contrast, the DEER time measurements showed inconsistent re-
sults, with a pronounced reduction in decay time observed in only two NV centers.
This does not necessarily imply that the DEER sequence is ineffective in detecting
electron spins; rather, the 7 pulse used may be less effective in flipping electron spins
compared to a chirped pulse.

The enhancement provided by a chirped pulse in a DEER sequence is explored sep-
arately in Chapter 3. For this chapter (2), I aim to demonstrate that the Ramsey cor-
relation sequence can detect electron spins and measure dipolar coupling to a nearby
electron spin. The distinction between a chirp pulse and a 7 pulse is irrelevant here
(will be discussed in Chapter 3), as the chirp pulse is essential for addressing electron
spins in the MSQ with a broad resonance spectrum.

Additionally, I analyzed an NV center exhibiting strong coupling to an electron

spin in the diamond lattice, producing oscillations in the Ramsey correlation mea-
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Figure 2.9: (a) Percent change of coherence time for eight NV centers between ‘on’ and ‘off’ pulses for the Ramsey
correlation sequence (blue) and a DEER-time sequence (green). (b) Ramsey correlation signal (blue) and DEER time
signal (green), both taken with a 2 us long chirp pulse with Q=5, as detected from an NV center with a strong
coupling to an electron spin. The inset shows the fast Fourier transform of the Ramsey correlation signal. (c)

Ramsey correlation signals with a fixed duration of 2 us chirp pulse and different adiabaticities as detected from
the same NV-electron system reported in panel (b).

surement. A Ramsey correlation measurement with Q = S and a 2 us pulse centered
at 1.311 GHz under a 470 G magnetic field is shown in Figure 2.9b. The observed oscil-
lations correspond to a dipolar coupling frequency of w;; = 616 + 1kHz, providing
initial validation of the Ramsey correlation sequence for dipolar coupling sensing.

To compare the performance of Ramsey correlation with a DEER-time sequence,
I applied a DEER sequence using a 2 ps pulse with adiabaticity of Q = S instead of
a 7 pulse. The chirped pulse parameters yielded oscillations with a high contrast of
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C = 6% of the normalized signal in the Ramsey correlation sequence (see Figure 2.9b
for contrast definition). However, the DEER-time sequence produced oscillations at
w44 = 0.6 MHz with a significantly lower contrast of C = 1.4% of the normalized
signal (Figure 2.9b).

Given these findings, I further investigated the effect of chirp parameters on the
Ramsey correlation signal. Figure 2.9¢ presents Ramsey correlation signals for a fixed
pulse duration (7} = 2 ps) with varying adiabaticity factors (Q). The highest dipolar
coupling oscillation contrast, C = 5.9 & 0.1%, was achieved with Q = 5. As Q was
decreased (green and blue curves), the contrast also decreased, with C = 3.2+0.1% for
Q = 1. This reduction was expected, as lower adiabaticity reduces pulse effectiveness.

Intuitively, increasing the adiabaticity factor should enhance contrast. However,
as shown in Figure 2.9¢, contrast decreased at higher values (pink, orange, and red
curves). This effect arises because higher values reduce the total pulse span, thereby
decreasing its effective range and spin-flipping efficiency.

The observed enhancement in Ramsey correlation measurements may stem from
two factors, though further experiments are needed for confirmation. First, in the
DEER sequence, the chirped pulse is applied while the NV center is in a superposition
state, making it more sensitive to magnetic fields. Consequently, the pulse may intro-
duce noise, reducing sensitivity to coherent effects. To test this, similar pulses could
be applied during both sensing periods of the Ramsey correlation sequence but at off-
resonance frequencies. If the pulse interacts with the NV center as noise, it should also
degrade the Ramsey correlation signal.

Second, noise sources correlated with the Ramsey correlation timescale may have
less impact on its signal, thereby extending coherence time (see Section 2.6). Reduc-
ing certain noise sources could enhance sensor sensitivity for detecting weak magnetic
fields. For instance, *C atoms in the lattice precess at the Larmor frequency, which
could introduce noise unless it is correlated with the two sensing periods, leading to
refocusing. This hypothesis is supported by low-temperature system measurements,
elaborated in Subsection 2.3.3. Nevertheless, further experiments are necessary to ex-

plore the effect of modifying the Ramsey correlation sequence’s correlation time.

2.3.3 RESULTS FROM MEASUREMENTS AT CRYOGENIC TEMPERATURES

The goal of this research was to use the NV center to sense MSQs. For this purpose,
I utilized a diamond single crystal sample with nitrogen atoms implanted to an aver-
age depth of S nm (see Appendix A.3). The sample was cleaned using tri-acid boiling
before undergoing oxygen annealing, and it was placed inside an ultra-high vacuum
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chamber immediately after the cleaning process. CuPc molecules were co-evaporated
with H,Pc molecules, resulting in a 10 % concentration of spin-containing molecules
within a ~ 30 nm thick molecular layer. The sample was then scanned at a temper-
ature of 5K to ensure the long relaxation time (77) of the CuPc electron spin, and it
was maintained under ultra-high vacuum conditions to ensure stability and reduce
molecular diffusion. The low-temperature confocal setup provides a narrow range of
magnetic fields (see Appendix A.1). Consequently, scans were performed with a bias
magnetic field of 64.3 £+ 0.1 G. In total, five NV centers were scanned, one of which
exhibited a number of interesting effects that will be introduced and analyzed in this

section.

The expected magnetic resonance spectrum of the CuPc electron spin ata ~ 65G
magnetic field is shown in Figure 2.2a. Based on this spectrum, I chose to use chirp
pulses centered around 600 MHz to address the CulPc electron spin, and a pulse cen-
tered around 1600 MHz for off-resonance driving in control measurements. A compar-
ison of a Ramsey correlation measurement, one on-resonance and one off-resonance,

is plotted in Figure 2.10a.

This result reveals two notable features. First, the off-resonance signal shows a co-
herence time of 75 = 5.541.3 ps, which is longer than the 75 of the sensor (7, = 3.6 £
0.1 ps). Second, the on-resonance data exhibit a faster decay rate of 75 = 4.2 £ 0.5 ps,
shorter than the off-resonance decay. Similar to the room-temperature results, this
suggests that the electron spin of the molecule was addressed and flipped. Assuming
that the NV center is probably coupled to a single MSQ, as suggested by the analysis
in Figure 2.4c, the signal from the on-resonance sequence behaves like a decaying sine

function.

To extract the dipolar coupling between the NV center and the MSQ electron spin,
I simultaneously fitted the on- and off-resonance signals with an exponential decay for
the off-resonance signal and an exponential decaying sine with the same decay time for
the on-resonance signal. The fitted decay time was 7, = 4.8 £ 0.5 s, and the dipolar
coupling was wz; = 365.5 £ 7.6 kHz. However, since the chirp pulse does not cover
the full spectrum of the molecule, it may reduce the contrast, which is already low, and

potentially mask the real frequency in the noise of the measurement.

These two immediate features mentioned above call for further experiments, which
will be discussed in the remainder of this chapter. First, additional data would provide
insight into the prolonged coherence and help build a theoretical framework to explain
it. Second, further experiments are needed to verify the assumption of coupling to an
MSQ on the surface.
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I'will first focus on the gain of coherence observed after the sensor’s typical decoher-
ence time, 7>. The coherence gain somewhat resembles coherence times longer than
T3, even though the sensing period is based on a Ramsey sequence. In a Ramsey corre-

lation, the phase accumulated due to noise during the first sensing period is refocused
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Figure 2.10: Ramsey correlation measurements taken from a single NV center with 75 =3.6 ps (a) Ramsey correla-
tion signals taken with a correlation time of 10 us and chirp pulse span of 600 MHz applied on-resonance (blue) and
off-resonance (green) the CuPc resonance spectrum. (b) Ramsey correlation signals with fixed sensing time 7=6 s,
changing correlation time, and no chirp pulse taken with a 64.340.1 G field (green) and 49.5+0.3 G field. Both
show oscillations at the frequency of the carbon nuclear spin Larmor frequency. (c) Ramsey correlation signal with
a fixed sensing time, changing correlation time, and a chirp pulse with difference spans. Each plot of a different
span is plotted with a vertical shift for a clearer view. The signal detected with a narrow span of 100 MHz (red)
shows a similar signal as detected with an off-resonance (green) pulse of strong oscillations at the frequency of
the carbon nuclear spin Larmor frequency. The signal detected with a broad on-resonance 600 MHz and 300 MHz

show a reduction of the contrast of the oscillations.
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in the second period, provided that the noise’s typical fluctuation time is comparable
to a dingle iteration timescale. This suggests that there may be a noise source that is
refocused in the correlation timescale but not during the sensor’s 75 time. To test this,
I measured the sensor’s signal with a fixed sensing time = 3 us and varying correla-
tion time (7corr), starting from a correlation time longer than the sensor’s 75 to avoid
residual signals remaining on the equator after the correlation period, with no pulse

applied to the target electron spin during the correlation period.

The results of this measurement are shown in Figure 2.10b. The green curve corre-
sponds to scans taken under a magnetic field of 64.3 + 0.1 G, and the blue curve corre-
sponds to scans taken under a magnetic field of 49.5 4 0.2 G. The green curve shows
revivals of the signal at four correlation times. A fit to the function in Equation 2.5
reveals oscillations at frequencies of £ = 71.4+1.1kHzand 2 = 140.5+1.3kHz. The
lower frequency, wj, is similar to the expected Larmor frequency of *C nuclear spins
in the lattice: wic(B®) = 64.3G) = 68.8 4 0.1kHz.

S=amp - exp(—(TCorr/r)fg) “(ep - cos( Teorr + 61) + ¢ - cos(mnTcorr + 62))  (2.5)

The carbon nuclear spins precess at their Larmor frequency, fc, and this precession
is detected by the NV center as an AC magnetic field with a period 7¢. Typically, the
Larmor period 7¢ is slower than the typical time of a single measurement iteration,
meaning that the AC signal does not complete a full cycle during one iteration. Since
the iterations are not synchronized with the Larmor frequency, the phase accumulated
from Larmor precession difters for each iteration and adds noise to the averaged signal.

In a Ramsey sequence, these AC fields introduce noise through averaging, and in
dynamical decoupling sequences such as Hahn echo, the AC fields can be detected at
specific interaction times of 5 = »7¢, which are correlated with the Larmor period,
leading to coherent phase accumulation+'97. If the sensor’s 75 is shorter than the car-
bon nuclear spin’s Larmor period, this AC precession is uncorrelated with the sensing
period, adding noise to the averaged signal.

However, the AC field from carbon nuclear spins acts as correlated noise in the
Ramsey correlation sequence when the correlation time equals the carbon nuclear spin
Larmor period (Tcorr = 77¢)?”. Following the theoretical framework outlined in
Section 2.2, we can treat f; as a correlated magnetic noise, dBcqrr. By removing some
noise sources, we can narrow the noise distribution and prolong the decay constant.

This insight helps explain the revival of the signal observed at correlation times fitted
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to the carbon’s nuclear spin Larmor frequency.

To understand the signal shape and the function fitted to it in Equation 2.5, we use
the same derivation of the pulse sequence (Appendix B.3) and treat T, as the chang-
ing variable instead of 7. The signal measured during the first interaction period, due
to the carbon nuclear spins’ Larmor frequency, is cos (fcg ) when 7 is fixed, ignoring
any other DC magnetic field (which has been treated separately). The signal during
the second interaction period would be cos (fc% +fc Tcorr) when T changes, effec-
tively adding a relative phase to the signal. Subtracting the two signals (¢ = x/y) results
in oscillations at the frequency of /¢ in Tcor (see Appendix B.4)%5.

The detected signal oscillates at two frequencies, with the first matching the Larmor
frequency of the carbon nuclear spins. To further support the idea that coherence gain
arises from correlation with the carbon nuclear spins’ Larmor frequency, I scanned
the same NV center under a lower magnetic field, expecting to detect revivals at a fre-
quency corresponding to the relevant Larmor frequency. In Figure 2.10b, the blue
curve shows the signal and fit for measurements taken under a field of BO) = 495+
0.2 G, with revivals at a frequency of w; = 53.2 £ 1.6 kHz, which matches the expected
Larmor frequency of the carbon nuclear spin, wic(B?) = 49G) = 52.9 + 0.2kHz.
The second frequency detected at this field was w, = 116.8 + 2.9kHz.

The second frequency I detected with both bias magnetic fields is approximately
twice as fast as the *C Larmor frequency. We attribute this to an inherent spurious ef-
fect of the correlation sequence, allowing for correlation also with half the Larmor fre-
quency period %®. We note that detection of the carbon nuclear spin Larmor frequency
was reported before with a Hahn echo correlation sensing sequence. However, it was
reported that the signal can not be detected when the bias magnetic field is smaller
than 110 G while this regime is detected with the Ramsey correlation sequence®?.

Finally, I leveraged the prolonged coherence time of the sensor at correlation times
matching the*C Larmor frequency period to widen the observation window for dipo-
lar coupling to external electron fields. Figure 2.10c presents data collected from the
same sensor under a magnetic field of 64.3 G, with a chirp pulse applied during the cor-
relation time. The figure shows four cases all fitted to Equation 2.5. All four signals
were taken with an adiabaticity factor of 2 and varying pulse frequency spans. The Q
factor and span determine the pulse duration; thus, for pulses shorter than the corre-
lation time, the pulse was applied in the middle of the correlation period, leaving the
rest without external intervention.

The green and blue curves in Figure 2.10c show signals taken with a chirp pulse of

600 MHz width. The green curve was taken off-resonance from the molecular mag-
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netic spectrum, while the blue curve was on-resonance. The green curve shows a full
revival of coherence at the correlation times of the carbon nuclear spins’ Larmor fre-
quency with a fitted oscillation amplitude of ¢; = 0.28 £ 0.03 for the fitted frequency
w1 = 70.8 £ 2.5 kHz, while the blue curve shows minimal revival with a fitted oscil-
lation amplitude of ¢ = 0.16 £ 0.05 for the fitted frequency »; = 72.1 £+ 6.8kHz.
This suggests that the chirp pulse flipped the CuPc electron spin state, as expected.
However, further measurements are needed to confirm or disprove this theory.

I also measured the Ramsey correlation sequence with different chirped pulse spans,
expecting a gradual recovery of the signal at the carbon correlation times as the span
narrows. A narrower chirped span would address less of the molecule’s resonance
frequency spectrum and reduce the probability of flipping the state. Figure 2.1oc
presents two additional curves: a red curve for a 100 MHz span showing almost a full
signal recovery with fitted oscillation amplitude of ¢ = 0.23 £ 0.05 for the fitted
frequency w; = 68.7 & 4.5kHz, and a pink curve for a 300 MHz span showing a re-
duced signal fitted oscillation amplitude of ¢; = 0.20 + 0.04 for the fitted frequency
w1 = 73.4 £ 5.3kHz. The gradual change in amplitude confirms the assumption that
the signal rises from the driving of the MSQ electron spin.

Further work can be done to add insight into the technique’s capabilities. For in-
stance, measurements at higher magnetic fields could be conducted where the CuPc
electron spin eigenstates are no longer at superposition states, allowing better control.
The main challenge of scanning at higher fields is that the carbon nuclear spin Larmor
frequency becomes too high, and the correlation time would be too short. Another
possibility is scanning at lower magnetic fields, where the eigenstates would align with
the molecule’s 2 axis, and the correlation time would be sufficiently long to apply the

chirp pulse.

2.4 DiscussioN

Molecular spin qubits are promising candidates for quantum technologies. Due to
the diversity that the chemical playground ofters, these molecules can be engineered
and modified to the needs of the system 56,55 Still, this field has a variety of challenges
to overcome and a wide spectrum of unanswered questions. One challenge is to be
able to control the MSQ as a single qubit and, even before that, the ability to examine
and investigate a single MSQ’s properties. In this research, we set a target to tackle this
challenge using the NV center while pushing the NV center’s abilities as a magnetic

sensor to its limits.
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We established a set of requirements from the MSQ), considering the surface of the
diamond as the substrate holding the molecules and the Hamiltonian of the MSQ
electron spin, which defines its magnetic spectrum - all of this while considering the
possibility of using the MSQ and the NV center in a hybrid quantum system. The
chosen MSQ was copper phthalocyanine, which answered most of the requirements
related to the diamond surface and some related to the spin Hamiltonian. Theoretical
analysis based on published literature ®* and numerical analysis revealed the challenges
of sensing these molecules and the obstacles in making it part of a hybrid system with
the NV center.

Nevertheless, we used the molecule as a target for quantum magnetic sensing, with
the NV center focusing on utilizing techniques that can offer sensing of complex sys-
tems such as MSQs. I proposed a pulse sequence, Ramsey correlation, that can offer
sensitivity to electron spins with a broad magnetic spectrum. Theoretical analysis of
the pulse sequence showed the benefit it can offer in gaining longer coherence time,
overcoming the 77 limit of a Ramsey pulse sequence and even the 7 limit of Hahn
echo at specific correlation times while still offering sensitivity to DC magnetic fields.

In addition to the prolonged coherence, the pulse sequence offers a wide time win-
dow for applying a driving pulse addressed to the target electron spin. I utilized this
window to apply a long adiabatic MW pulse addressing a large part of the electron
magnetic resonance spectrum. Numerical simulations of the NV center with a strong
dipolar coupling to a system mimicking a CuPc electron spin showed the success of
the pulse sequence and the effect of the chirped pulse width on the resulting signal.

I have successfully shown the detection of dipolar coupling to an electron spin using
the Ramsey correlation pulse sequence and compared the Ramsey correlation to the
well-known and used DEER-time sequence, thereby showing the superiority of the
pulse sequence in detecting the dipolar coupling. Finally, I used the pulse sequence
on a sample with a thin and diluted layer of CuPc molecules on the surface of the
diamond. I showed the use of the pulse sequence to prolong the coherence time of
the NV center by refocusing the noise caused by the carbon nuclear spins and then
utilized this phenomenon to show the first indication of dipolar coupling between the
NV center and a CuPc electron spins.

The results presented in this chapter are the first step toward quantum magnetic
sensing of a single MSQ. Promising as they may be, there are still a number of experi-
ments required to prove convincingly that the signal detected is coming from an MSQ.
On top of the experiments suggested in the results section, we also suggest considering
other MSQs with a lower hyperfine coupling to the metal atom nuclear spin, such as
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metallodithiolene '°°.

Finally, considering the motivation of this research, building a hybrid quantum sys-
tem of the NV center and a single MSQ), even overcoming the challenges or utilizing
the suggested pulse sequence, would not suffice. To establish a quantum communica-
tion channel between the NV center and the MSQ), the MSQ spin state should be first
initialized. This work began with the proposal of using the high-fidelity initialization
of the NV center to initialize the MSQ spin with polarization transfer '°*. However,
considering the spectral limitations, this approach is not relevant.

Not relinquishing the end goal, another method to initialize the spin is using a low
temperature and high magnetic field. A simple calculation based on Boltzmann dis-
tribution should estimate the target temperature and field to achieve any polarization.
The probability ratio between two states of a spin according to the Boltzmann dis-
tribution is % = exp (512;[
occupied, ¢ — ¢ is the energy gap between the states and £#7'is the temperature and

), where p; and p; are the probabilities of the states to be
the Boltzmann factor. For an electron spin to be 90% polarized to one state at 5 K, an

eight-Tesla magnetic field is needed. If using a 0.1 K cryogenic system, the magnetic
field can be around 0.1 T.
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“Nature is pleased with simplicity. And nature
is no dummy.”

Sir Issac Newton

Sensitivity enhancement with chirped pulses

ADIABATIC PULSES OFFER A ROBUST CONTROL OVER SPIN STATES AND OPEN THE
POSSIBILITY TO OPERATE A REALISTIC SYSTEM WHEN THEORY MEETS THE NOISE
AND INHOMOGENEITY OF THE REAL WORLD '°»'°%1°4_ As the primary goal of this
research is to push the NV center magnetic sensor to its limits, allowing the sensing of
complex molecules, we look to exploit any method that might offer more sensing pos-
sibilities. This chapter examines the benefit of using adiabatic pulses in a simple DEER
pulse sequence. I present an experimental setup where adiabatic pulses could benefit
dipolar coupling sensing. I discuss the theoretical background and working mecha-
nism of an adiabatic pulse on a quantum system, and I showcase results of DEER
measurements on NV centers comparing the adiabatic pulse effectiveness to that of a

7 pulse.

3.1 BACKGROUND

Classical magnetic resonance worlds such as NMR and EPR use adiabatic pulses to
overcome the inhomogeneity of the magnetic field 102,105,106 - A diabatic pulses create
a slow change in the driving frequency or the driving amplitude from one side of the

resonance frequency to the other such that the rotation of the spin state is insensitive to
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Figure 3.1: (a) Axis system of the rotating frame, which rotates around z axis in the lab frame and with the NV
center at its resonance frequency. The driving magnetic field BW of the chirp pulse is along &’ axis with an element
of A—;’ along 2’ axis due to the off-resonance driving of the chirp. The effective field is the sum of both fields. (b)
Double rotating frame, which rotates around the B.g field. The spin state rotates around the effective £ field as it

is rotating with the B field towards the —2"" axis *°2.

changes in the driving field BW. Similarly, spins detuned from the resonance frequency
due to B inhomogeneity but still within the frequency sweep are rotating with high
robustness against magnetic field imperfections. For NV centers, the detuning from
the resonance frequency can result from hyperfine coupling to carbon nuclear spins in
the lattice, dipolar coupling to strongly coupled electrons, or from strain in the lattice
in nanodiamonds*°7. However, the adiabatic driving method can still hold, no matter

the source of detuning.

Understanding the adiabatic pulse mechanism requires us to look at the rotating
frame. The on-resonance driving field introduced in Equation 1.3b is stationary in
the rotating frame pointing on the &’ axis. When this field includes a time-varying
frequency F(t) = wy + dw(z) the detuning from resonance - Aw(t = 7) = dw(7) is
effectively adding a magnetic field in the 2’ axis in the rotating frame with magnitude
proportional to 4«/y (see Figure 3.1a). These two fields add up to an effective magnetic
field in the rotating frame B.g with an angle « that is changing as Aw is changing in

time.

To understand what happens to the spin, we move to a rotating frame that is rotat-
ing with B as illustrated in Figure 3.1b. The effective magnetic field in this picture is

always along 2 axis, and a small field of the frequency change rate 4#/a: is added along
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the 5" axis. Together, the magnetic field in the double-rotating frame is £. Any spin
component thatis starting the pulse pointing along 2" will rotate around E. If the pulse
is adiabatic, the rate of frequency change «/a: is small, creating a small cone shape of
rotation of the spin state around E. In the rotating picture, it will present itself as a
spin state that is rotating in small circles tangent to B that keep rotating from 2’ to ¥'.
Beg will point in &’ axis once Aw = 0 and keep rotating towards —2/, taking with it the

spin state.

Adiabatic pulses, also known as chirp pulses, can be quantified by the adiabaticity
factor Q (Equation 3.1a). A high adiabaticity factor indicates that the rate of change
da/q; is small enough compared to the effective field wg = B/y, therefore, the change
is slow. The minimal adiabaticity factor can be found when the driving frequency
approaches resonance, the effective field is minimal, and the rate of frequency change is
maximal. At this point, it is also possible to relate the adiabaticity factor to the system
parameters of Rabi frequency (»), frequency span of the sweep (AF), and the pulse
time (z,), which results in the term written in Equation 3.1b (for a full derivation see
Appendix D.1).

ot
Q-2 (5.2
27[1/2t],

For simplicity, in most cases, the spin states will be along the z axis in the lab frame,
which is aligned with the 2’ axis in the rotating frame. Therefore, under an adiabatic
pulse, the spin will rotate together with B.g. The degree of rotation depends on the fre-
quency change across the adiabatic pulse. A full-passage will have a similar frequency
change before and after achieving resonance, whereas a half-passage will stop once
reaching resonance. The full-passage can create a 7 rotation, while the half-passage

will cause a 7/2 rotation '°.

Adiabatic pulses, also known as chirp pulses, are used in the NV center sensing com-
munity mostly with nano-diamonds*®7 and NV ensembles *® where NV centers can
deviate from the main resonance frequency due to some interaction with the environ-
ment. The chirp pulses in these cases allow us to work with a number of NVs without
the effect of some NVs’ imperfect driving. When working with single NV centers in
a bulk diamond, a working frequency can be perfectly fitted to the NV center in fo-
cus. Therefore, a chirp pulse might not add to the final result for better control of the

sensor driving.
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Nevertheless, even with a single resonance frequency, MW interaction with the NV
center may be suboptimal, leading to incomplete driving, especially when the MW
source is distant or attenuated at certain frequencies. This reduces the driving fre-
quency or Rabi power, resulting in a long, narrowband pulse.

For instance, a 7 pulse, defined as BV = cos(wmw?)Rect(z — 2,)), transforms into a
sinc function in the Fourier domain with a width of 1/;,. A low Rabi frequency length-
ens the 7 pulse duration, #, = 1/2», narrowing the bandwidth and making the system
more sensitive to noise.

This issue is more pronounced in electron spin driving. When using the NV center
as a magnetic sensor, uncertainties in spin resonance frequency and weak MW cou-
pling reduce electron spin driving efficiency. The DEER pulse sequence requires full
spin flipping, but low efficiency causes partial flipping and weakens the DEER sig-
nal. The signal of a DEER pulse sequence has many parameters affecting it; some are
controllable, such as the interaction time, and some are system-dependent, such as the
dipolar coupling. Consequently, utilizing an MW pulse that can eliminate the uncer-
tainty in the flipping efficiency of the electron spins can improve the possible result of
the signal.

In the rest of this chapter, I will showcase the benefits of using adiabatic pulses. I
will start with a proof of concept on the NV center contrast and then showcase the
results of an experiment comparing the DEER results between 7 pulse driving and

adiabatic driving of electron spins.

3.2 SIGNAL ENHANCEMENT WITH CHIRP PULSES

Before utilizing the chirp pulses on a complex pulse sequence like the DEER, I tested
the chirp pulse on an NV center with the purpose of confirming the pulse function
and efficiency. An ODMR pulse sequence was applied to an NV center situated in a
bulk diamond with an average implantation depth of 10 nm. The Rabi frequency of
the target NV center was 1 MHz. Therefore, a 7 pulse on the NV center had a width of
~ 2MHz. A “regular” ODMR sequence with a 7 pulse on the NV center (blue curve
on the left figure of Figure 3.2a) showed a clear resonance frequency in 1.508 GHz with
a width of 2.1 + 0.1 MHz, broadening caused by the short 7% of the NV center. The
contrast of the signal was 17.2 + 0.6%.

To confirm the functionality of the chirp pulse, I applied the ODMR pulse se-
quence with a chirp pulse with a span of ~ 10 MHz instead of the 7 pulse with three
different Q factors of 0.5, 1, 2 (purple red and green curves respectively in the left plot
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in Figure 3.2a). The results of all ODMR measurements showed a signal of two Gaus-
sian functions, separated by ~ 5 MHz and with a width of ~ 5 MHz each, resulting in
a total of ~ 10 MHz width around 1.508 GHz, and confirming the pulse does function

as expected.

The efficiency of the pulses can be scaled by the signal contrast of the measurements,
which was 25.6 + 0.6% for Q = 2,20.3 £ 0.5% for Q = 1,and 14.1 £ 0.4% for Q = 0.5
(left plot in Figure 3.2a). It is clear that a pulse with a higher Q factor enhances the
contrast of the signal. However, increasing the adiabaticity factor of the pulse is not
enough; the pulse’s width also has to be wide enough to address the energy transition,

especially if the transition is broadened due to the decoherence of the sensor.

The middle plot in Figure 3.2a shows the signal of three chirp pulses with a fixed
duration of 1 us and different Q factors. The highest Q factor of 2 (green curve) has a
narrow span of 2.4 MHz and, therefore, shows a reduction in contrast to 16.7 + 0.5%
compared to the Q = 1 curve (red) with a span of 4.8 MHz and contrast 21.7 & 0.4%.
As expected, the Q = 0.5 signal (purple) shows the lowest contrast with the broadest
signal.

To complete the picture of the efficiency of chirped pulses, I plotted the ODMR
signals of three measurements taken with different adiabaticity factors but with a con-
stant span (Figure 3.2a). The span of all pulses was 2.4 MHz, the contrast is improving
as the adiabaticity factor is higher, and the best contrast with a span of 2.4 MHz was
detected with the Q = 3 curve (green). Nevertheless, the best contrast overall was with
a broad pulse of Af ~ 10 MHz and Q = 2. We attributed this to the pulse addressing
both resonance transitions of the nitrogen nuclear spin (separated by ~ 3 MHz, see
Section 1.2.3), therefore enhancing the contrast by driving both at the same time and
strength, as expected from the chirp pulse.

After I established the chirp pulse functionality and contrast enhancement with
the NV center, I used it to check the possible advantage it can bring in electron spin
sensing. I have examined four NV centers in a bulk diamond with nitrogen atoms
implanted at an average depth of 10 nm. To remove organic residues, the diamond was
cleaned with a tri-acid boiling (see Appendix A.3). All examined NVs had a 75 longer
than 10 us to ensure surface sensitivity (see sensing volume analysis in Appendix B.2).

Each of the NV centers was scanned four times. First, I applied a DEER-frequency
and a DEER-time with a 7 pulse addressing the electron spins, where the pulse dura-
tion was estimated from the NV center Rabi frequency. Second, I applied again the
DEER-frequency and DEER-time changing the 7 pulse to a chirped pulse addressing

the electron spins. To make the signals comparable, I have used a chirp pulse with a
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Q factor of five and duration of 1.6 ps that resulted in a chirp span of 2.5 MHz where
the spectral width of the 7 pulse was 2.2 MHz.

Results of the DEER-frequency scans are plotted in Figure 3.2b. All scanned data
were fitted to a single Gaussian function to estimate the contrast of the DEER signal.
The contrast of each scan is written next to the data and fit plotted in Figure 3.2b.
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Figure 3.2: (a) ODMR signals from an NV center with a chirp MW pulse with different parameters. The left plot
shows the signal for a broad span chirp of ~10 MHz with Q=0.5/1/2 (purple, red, and green, respectively) compared
to a 7 pulse (blue). The middle plot shows the signal for chirp pulses with a constant duration of 1 s and different
adiabaticity of Q=0.5/1/2 (purple, red, and green, respectively). The right plot shows the signal for chirp pulses
with a fixed narrow span of 2.4 MHz and different adiabaticity of Q=1/2/3 (red, green, and purple, respectively).
(b) DEER-frequency signal from four NV centers taken with a chirp pulse (left curves in blue) and with a 7 pulse
(right curves in green). For clarity, the curves are separated by one unit of normalized signal. (c) Percent change of

decay time extracted from four NV centers DEER-time signals taken with a chirp pulse (blue) and a 7 pulse (green).
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The left column (blue curves) are all scans taken with a chirp pulse on the electron
spin, while the right column (green curves) are all taken with a 7 pulse. Itis clear from
the fit that the contrast with a chirp pulse was higher for all scanned NVs. The fitted
width of the Gaussian was, on average, 15 MHz, indicating that the broadening is not
solely rising from the pulse span and is still narrower than the linewidth reported for
similar experiments$*54.

I'scanned all four NV centers with a DEER-time sequence. To make the comparison
between a chirp and 7 pulses, I took each scan twice, once with a pulse on the electron
spin resonance frequency and second with a pulse 15 MHz detuned from the electron
spin resonance frequency, making it completely oft-resonance from the detected signal
at the DEER frequency. The 7 pulse was again with a length of 440 ns, resulting in a
width of ~ 2.2 MHz. The chirp pulses were all with Q = S and length of 2 us, resulting
in a span of ~ 3 MHz. All scans were fitted to a stretched decay exponent of the form
S(7) = Ae= (/" + ¢ since no oscillations of strong dipolar coupling were detected in
the datas?.

We expect to see a shorter decay time (') if the pulse flipped the spins compared to
when it did not, where the decay time will be the intrinsic coherence time of the NV
center (I' = 7). To estimate the pulse effect on the electron spins, I calculated the
percent change of T between the on-resonance and off-resonance pulses for the chirp
and 7 pulse cases as follows: A% = %100. The results are plotted in Figure 3.2¢
where itis clear from the green bars that the change was more pronounced when I used
the chirp pulse compared to the 7 pulse. Similar to the effect observed with the NV
centers, we see that the chirp pulse is more robust in driving the electron spins.

The better performance of the chirp pulse in the DEER sequences can first be due
to the robustness of the pulse, which is also witnessed when used for driving the NV
center. In addition, the duration of the 7 pulse used to address the electron spins is
estimated from the NV center coupling to the MW field. The interaction of the elec-
tron spins with the MW is not necessarily the same as with the NV center, and still,
if it is similar, the duration in this experiment was long (¢, > 500 ns) resulting with
a very narrow bandwidth pulse, which is highly sensitive to noise and therefore, has

lower efficiency in addressing the spins.

3.3 DiscussioN

We explored the advantages of using chirp pulses over traditional 7 pulses for electron

spin sensing with NV centers in diamond. Our results clearly demonstrate that chirp
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pulses enhance both contrast and sensitivity, particularly in DEER sequences, offering
notable improvements in spin sensing performance.

We first used the chirp pulses on the NV center to characterize its performance.
We then used DEER-frequency and DEER-time experiments to show the enhance-
ment that adiabatic pulses can bring to electron spin magnetic sensing. We showed
that chirp pulses yield higher contrast compared to 7 pulses when detecting electron
spins with DEER frequency. We discussed the contrast enhancement’s connection
to the chirp pulse’s broader spectral bandwidth, which facilitates more efficient spin
interaction. We also showed that the electron spin signals had a narrower linewidth
compared to previously reported studies despite the chirp pulse’s broad bandwidth,
indicating that an optimal chirp pulse can enhance contrast without excessive spectral
broadening. Finally, we measured DEER-time and found that chirp pulses also cause
a faster decay time of the sensor compared to the 7 pulses, which is an indication of
coupling to electron spins’*.

The improvements we observed with chirp pulses suggest that they could signifi-
cantly enhance the performance of NV center-based quantum sensors. By improv-
ing contrast and spin sensitivity, chirp pulses have the potential to increase precision
in detecting weak magnetic fields and spin interactions, which is crucial for various
quantum applications such as quantum computing and bioimaging.

To make this technique more applicable, we suggest additional experiments. First,
a thorough mapping of the chirp pulse enhancement on the NV center driving, with
respect to chirp parameters and NV center coupling to the MW source. We also sug-
gest other experiments showing the use of chirp pulses in electron spin initialization
through polarization transfer. The robust spin driving can also assist in applying quan-
tum gates with higher efficiency and enhance the polarization transfer of NV center
to electron spin using CNOT and SWAP gates '°%.

In conclusion, we have demonstrated that chirp pulses outperform traditional 7
pulses in terms of contrast and spin sensitivity for electron spin sensing with NV cen-
ters. These findings suggest that chirp pulses are a promising tool for enhancing the
performance of quantum sensors and could have broad applications in quantum tech-

nologies.
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“Intelligence is the ability to adapt to change.”
Stephen Hawking

Sensitivity enhancement with machine

learning

ONE OF THE ADVANTAGES OF QUANTUM SENSING IS THE POSSIBILITY TO USE
QUANTUM PROPERTIES SUCH AS ENTANGLEMENT TO GAIN ENHANCEMENT IN THE
SENSOR SENSITIVITY AND OVERCOME THE STANDARD QUANTUM LIMIT. Quan-
tum entanglement opens the door to utilizing quantum algorithms that can accelerate
processes. However, not all quantum systems can easily establish a good entangled sys-
tem; for example, the NV center has to be in high proximity to another spin system in
order to establish a high-fidelity entangled system '®?. To this end, quantum machine-
learning algorithms can utilize machine-learning techniques and employ principles of
quantum algorithms to form an algorithm benefiting from some of the quantum ad-

vantages but not depending on entanglement.

In this chapter, I present the use of machine learning algorithms as a tool to improve
quantum sensing with a non-single-shot read-out sensor such as the NV center. I cover
the theoretical background of an adaptive Bayesian estimation approach based on the
quantum phase estimation algorithm in Section 4.1. I present the experimental system

and the real-time measured results of a non-adaptive scheme in Sections 4.1.2 and 4.2.
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I discuss the possible improvement of the algorithm once a full adaptive algorithm is
applied using numerical simulations in Section 4.3.

This chapter’s results were published in the manuscript titled “Real-time frequency
estimation of a qubit without single-shot-readout” in the journal Quantum Science
and Technology published by the Institute of Physics (IOP)'*°.

4.1  BACKGROUND

One very useful quantum algorithm for quantum sensing is the quantum phase es-

ITI

timation algorithm (QPE) suggested by Kitaev''*. This algorithm aims to estimate
a phase accumulated by a quantum sensor due to an interaction manifested in the
sensor’s Hamiltonian #(f) with an external field /. The QPE algorithm is based on a
system of K ancilla qubits that interact with the sensor for £ = [0, K] discrete sensing
times exponentially growing, 7, = 2%7y, and later undergo a quantum Fourier trans-
form to estimate the phase of the sensor. The shortest sensing time, 7o, is also the limit
for the dynamic range (DR) of the sensor [—1/27,1/27].

For the NV center case, the algorithm was performed with a system of three ancilla

qubits, which is a system that is not easily accessible’**

. Nevertheless, systems with
K number of ancilla qubits are also not trivial for other sensing systems where other
requirements are crucial, like the environment of the sensing or the proximity to the
target specimen. Therefore, an algorithm based solely on the sensor that applies an
adaptive scheme can be an alternative.

One example of these algorithms is the adaptive phase estimation (APE) algorithm,
which operates on a single qubit while employing some of the QPE algorithm basics
and utilizing an adaptive algorithm based on Bayesian estimation. Figure 4.1a presents
a schematic illustration of the APE algorithm consisting of four main steps. Like
the QPE algorithm, also in the APE, K sensing times are measured (step (1)) where
7, = 2%7;. The sensing times are limited by the length of the gate; the shortest time 7,
should be on the order of the 7 pulse length, and the longest should not be longer than
the coherence time of the sensor, that is, for DC sensing with Ramsey - 7 < 75 "3,
However, in the APE, the K sensing times cannot be applied simultaneously; there-
fore, each is applied for M, = G + (K — k)F times where G and F are parameters that
need to be optimized, and the total number of iterations grows as the sensing time gets
shorter 14,

After each sensing step (step (1)), we estimate the likelihood function of the sen-
sor’s frequency (step (2)). The frequency of the sensor translates to the target field
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Figure 4.1: (a) Graphical illustration of the adaptive phase estimation algorithm comprising four steps: (1) A pulse
sequence suitable for the estimation of the unknown parameter, given the nature of the interaction between the
sensor and the parameter. This pulse sequence will be applied with exponentially growing sensing times. The state
of the sensor is measured after every sensing time. (b-c) Schematic illustration of the measurement outcome of a

single-shot (B) or averaged (C) sensor.

f depending on the interaction of the sensor and the target field. Then, we use the
Bayesian estimation protocol to update the full probability function of the frequency
(step (3)), Equation 4.1, where P(f) is the probability function of £ « is the state of the
sensor after the measurement. The adaptive part is embodied in step 3 where the
parameters of the measurement are changed to gain maximal information from the
next iteration. The parameters are extracted from the updated probability function in
step @ using a machine-learning algorithm for maximizing entropy and information,
as will be discussed in Section 4.3.

Prew(fl) o P (u]f) Paa(fl) (4.1)
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4.1.1 DC MAGNETIC SENSING WITH BAYESIAN ESTIMATION

We aim to use the APE algorithm to accelerate DC magnetic field sensing. The target
magnetic fields can be external fields interacting through Zeeman interaction, the sim-
plest case will be of a small magnetic field parallel to the NV center axis z (fifth term in
Equation 1.6), or fields rising from dipolar or hyper-fine interaction of external spins
with the sensor (third and fourth terms in Equation 1.6). For simplicity, we choose to
show a proof of concept of the APE on a Zeeman interacting field, as will be elaborated

in the section of the experimental methods and results (Section 4.2).

Concentrating on a target field of DC magnetic field, we can establish the interac-
tion of the field with the sensor through the relevant Hamiltonian- H(f) = y,yAB =
2zf where f'is the frequency of the field that we aim to detect. Figure 4.2a shows the
sensor energy levels with a biased magnetic field B(*) and the change that the unknown
field AB is concealed in a shift of the eigenvalues of the sensor. Sensing the DC mag-

netic field can be easily done with a Ramsey pulse sequence as long as the target field is

AB > 17% . Adapting the general APE scheme to a DC sensing scheme, we can insert
Invia

the Ramsey sensing scheme in step (7) as illustrated in Figure 4.2c.

During a Ramsey sequence, the phase accumulated on the sensor superposition
state (Equation 1.8b) is proportional to the magnetic field ¢ = ), AB7 = 27fap7,
and it will be presented as an oscillating signal in time decaying with 7% decay time,
as illustrated in a simulation in Figure 4.2b. Therefore, the likelihood function, used
in step (2), is based on this theoretical model of the sensor under the Ramsey pulse se-
quence >® where the oscillatory nature is found in the cosine function of the likelihood
function (Equation 4.2). The outcome of each measurement, which is the state of the

sensor- # = |0) / |1), will modify accordingly the likelihood function.

1 o2
P, (u[AB) = = [1 + (=) cos(2afast — o) (4.2)

As this is an APE protocol and not a simple Ramsey sensing, the sensing times will
not be equally distributed in time but will be exponentially distributed with only K
sensing times (illustrated as the blue dots in Figure 4.2b). Also, the sensing phase, 6,
which is the phase of the second 7/2 projection pulse, will not be equally distributed but
will be determined from iteration to iteration to find the optimal phase for maximal
information (step (3))'*>* 16,117,
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4.1.2 BAYESIAN ESTIMATION ALGORITHM WITH NON-SINGLE-SHOT READ-OUT
SENSOR

The DC magnetometry APE algorithm has been proven in the past to enhance the
sensitivity of the NV center at low temperatures with single-shot read-out (SSR) abili-
ties (Figure 4.1b) 8. However, when using the NV center under ambient conditions,

it can no longer be a single-shot read-out sensor and has to be treated with averaged
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Figure 4.2: (a) lllustration of the energy levels of the NV center under a static magnetic field with a small detuning.
The errors indicate the microwave field resonant with the |0) — |1) transition. (b)The top panel is a Ramsey pulse
sequence applied on an NV center to sense a DC magnetic field. The red curve is a simulated result for a Ramsey
sequence with linearly changed sensing times between zero and 75. The blue points indicate the K sensing times
used in the PEA scheme. (c) Graphical illustration of adaptive phase estimation algorithm for DC magnetometry

with a non-SSR sensor.
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read-out (Figure 4.1¢). In this case, we should update the likelihood function to con-
sider the number of positive results 7 out of R averaged repetitions. The naive method
to deal with this is to use a “majority voting” method where each measurement out-
come  is assigned with a state |0) or [1) compared to a threshold determined between
the states and thus Equation 4.2 can be used ''?. However, this approach is prone to
mistakes due to noise and does not exploit the large amount of data collected from R
repetitions. A different approach suggested in 2019 "*° is based on a “binomial distri-
bution” method where the likelihood function has R different outcomes for R repeti-

tions, as presented in Equation 4.3a.

R
Pflr) = Py(UN L =PI (4.32)

v

Py(1lf) = « [1 — Ve ) cos( g2 - ¢)} (4.3b)

The likelihood function uses the probability to detect a positive outcome given the
target field frequency £- P,(1|f) as the probability for » positive outcomes for the bi-
nomial distribution. The Ramsey oscillatory behavior is noted in the probability for
a single outcome P,;(1|f) in Equation 4.3b, where « is the sensor’s threshold, and V'is
the visibility of the sensor (see Appendix E.1). Since this approach considers the full
range of R possible outcomes, a noisy measurement will not result in a mistake but
with an error within the range of the measurement’s noise. So far, The binomial dis-
tribution has been shown to achieve better sensitivity in simulations but has never
been demonstrated in an experiment. In this work, we show for the first time a suc-
cessful implementation of the scheme in a real-time measurement with a non-adaptive
schemein Section 4.2 and a simulation of an adaptive case based on the real experiment
parameters in Section 4.3.

4.2 REAL-TIME NON-ADAPTIVE SCHEME - METHODS AND RESULTS

The experimental setup that offers a real-time experiment was built with a Quantum
Machines Operator-X (OPX), which is a control hardware aimed at quantum system
controlling, based on a Field Programmable Gate Array (FPGA) (detailed description
of the setup is in Appendix A.1). The pulse program, including the inherent calcula-
tions, was programmed to the OPX with a dedicated programming language named
Quantum Universal Assembly (QUA) (elaborated description of the programming
adaptation with QUA see Appendix A.2).
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Using the real-time platform, we compared the experimental results between the
“majority voting” approach and the “binomial distribution® approach. We collected
data from a single NV center with a dephasing time of 7% = 3.5 us. We used five
sensing times (K = 4) with 7; = 100 ns in the Ramsey measurement pulse sequence
(step (D). The probability function estimating the external magnetic field was con-
structed with a resolution (binning) of 25 kHz. For each external magnetic field, we
applied the scheme twice, once with the “majority voting” probability function (Equa-
tion 4.2) in step (2) and once with the “binomial distribution” probability function
(Equation 4.3a). After the Bayesian update (step (3)), we change the phase of the sec-
ond 7 pulse linearly between zero and 7 in a non-adaptive manner following a prede-

termined measurement sequence ' '# (step (4)).

Figure 4.3a presents the probability function of the frequency as it is updated with
the iterations of a measurement of a random magnetic field using the approach de-
scribed above (Bayesian, binomial distribution, non-adaptive). The probability func-
tion starts as a uniform distribution. The first iterations apply the shortest sensing
time, guiding the probability function to a rough frequency estimation. As the itera-
tions advance, the sensing time gets longer, and the estimated frequency gets focused
and narrower to a more precise estimate. After the last iteration, the most probable

frequency is set as the final estimation for this measurement.

We applied the two approaches for a non-SSR sensor in a non-adaptive scheme on
soo randomly chosen magnetic fields /55 in the DR of [-2,2] MHz. This DR is nar-
rower than the potential DR allowed by a 7p = 100 ns due to a dramatic increase in
the level of noise once employing the Bayesian update. The increase in noise for larger
detunings is still unclear. We applied each detuning with seven different repetition
numbers R = (100,250, 500,750,1000, 2500, 5000) for both methods, the order of
repetition number and methods was randomly switched between detunings.

To compare the two sensing methods, we calculated the mean square error (MSE)
based on the estimated frequency /3 calculated from the probability P(f]) after every
iteration (Equation 4.4). We note that the MSE for larger R does not improve by much
(Figure 4.3¢), and we attribute this to the slight improvement of the contrast defined in
Equation 4.5 where «,; are the number of photons per measurement for states 7, =
0/1 of the sensor, as defined in Chapter 1. The superiority of the binomial distribution
approach is also evident for shorter sensing times, starting from R = 250 with 7" =
0.34s.
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(c)

(4-4)

(4.5)

To see the improvement in MSE, we plot it as a function of the iteration number
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Figure 4.3: (a) The probability function of a single magnetic field detuning as it is updated with the iterations of the

scheme. The detuning here was 1.895 MHz. (b) MSE as function of contrast. For typical values of #y and «; from

our experiment and our choice of different R in the range of [100,5000], this translates to a contrast range from

nearly zero to 0.9. (c) Error (square root of variance) as a function of total measurement time (number of iterations)

with binomial distribution approach (blue) and majority voting approach (green) for a repetition number R=2500.

The data presented here is for 500 random chosen detunings. The vertical lines (different values of k) represent

the move to the next 7 in the algorithm.
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for the R = 2500 case in Figure 4.3c. The data presented in Figure 4.3¢ was taken on a
similar setup built by our collaborators from the group of Cristian Bonato in Heriot-
Watt University as described by Arshad et al.'*'. The experiment parameters were the
same while the NV center used had a decoherence time of 75 = 5.5 ps. The results
show improvement in precision as the iterations progress, and a reduction of the MSE
with the same measurement time when using the binomial distribution approach. The
best MSE achieved was~ 0.12 MHzfor R = 2500 with a total sensing time of 7'= 1.07 s
when using the binomial distribution method. The majority voting method reached
a MSE of ~ 0.28 MHz within the same time, more than twice as large. The lowest
possible MSE is limited by the decoherence time of the sensor where MSE > \/% .
Finally, we see a good agreement between the experiment and a simulation based on
the experimental parameters used in the experiment. The small discrepancy between
experiment and simulation can be explained by a little uncertainty in the detection

probability for the o and 1 state, i.e., Py(1|mo) and Py(1|m).

4.3 SIMULATIONS OF THE ADAPTIVE PROTOCOL

To tully exploit the benefits and advantages of the APE algorithm it should be imple-
mented with the adaptive component of the scheme in step @ In the last section, I
described the results from a non-adaptive experiment where the phase of the Ramsey
measurement, the control parameter that can maximize the information in the mea-
surement, was predetermined and changed linearly between each A1}, iteration. To ap-
ply the adaptive scheme, the optimal phase should be calculated based on the last prob-
ability function calculated. The Fisher information, as the inverse of the Cramér-Rao
lower bound (CRLB), that represents the minimum reachable variance for any (unbi-
ased) estimator, can estimate the phase ¢ that will maximize the information obtained
in a measurement. Therefore, in step @, the phase can be adaptively changed based
on the maximized Fisher information (Equation 4.6). Where 4 = 1% +(1—2%) zand
B = (1—2%) «V (full derivation can be found in Appendix E.1).

() = £ | (5ot (P01 ] (460
;I(fAB) =0 (4.6b)
¢opt = ZWE[]CAB] t— cos ! (@) , (4.6(2)
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Figure 4.4: (a) Simulated experiment with the calculated phases for the different methods: non-adaptive (blue) and
our adaptive protocol (orange). After reaching the end of the settings determined by the PEA scheme, measurement
times 7 = T, and phases are chosen at random (non-adaptive) or via adaptive algorithm. (b) Comparison between
three different phase calculations for a single experiment with detuning of f;s=-1.3 MHz: non-adaptive (blue), our
adaptive (green) and the adaptive-optimized (yellow), the latter showing an improvement in the number of iterations
(=time) needed to attain the correct phase. The vertical lines (different values of k) represent the move to the next

7 in the algorithm.

The benefit of the adaptive scheme was evaluated based on a numeric simulation
comparing the MSE of non-adaptive and adaptive scheme with the binomial distribu-
tion approach. We simulated the experiments based on the dephasing time (77%) and
threshold («) of the NV used in the real-time experiment, and the experimental param-
eter R = 10°, G = 3, F = 2. Simulations were performed by numerically reproducing

the experiment, randomly generating a simulated photon number » from a binomial
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distribution as in Equation 4.3a.

The simulation shown in Figure 4.4a included two regimes. The first one, where we
increase the 7 exponentially, is the ‘high dynamic range’ regime, and the second, where
we reach 73 and continue measuring from that iteration number at 7 = 73, hence the
clear change in slope at iteration number (approximately) 30 in Figure 4.4a. In both
cases (non-adaptive and adaptive), the probability function was calculated based on
the binomial distribution approach. In the simulation of the adaptive scheme, the
phase of the Ramsey readout pulse in the next iteration was calculated based on the
probability function (step (4) in Figure 4.2a) and Equation 4.6¢c, whereas in the non-
adaptive scheme the phase was linearly ramped between zero and 7 (see Figure 4.4b).

The phases calculated for the adaptive simulated experiment show convergence of
the phase in a small number of iterations, smaller than A4 iterations determined theo-
retically for each sensing time (Figure 4.4b, green circles). This convergence raises the
possibility of reducing the number of iterations for each sensing time by moving to
the next sensing phase once the phase remains steady for three iterations with an error
of %! (Figure 4.4b, yellow squares). We denote this method as adaptive-optimized. It
has the potential to reduce the total measurement time significantly, which will also

improve the sensitivity.

4.4 DiscussioN

We performed a real-time Bayesian update with an NV center, a non-SSR sensor at
ambient conditions. We compared the MSE of the sensor between two calculation
methods - majority voting and binomial distribution, and showed that the latter ap-
proach has better sensitivity than the former. We showed by simulation that an adap-
tive scheme could further improve the MSE and suggested using it to also reduce the
total number of iterations and, therefore, the total sensing time and offer an extra im-
provement on the sensitivity. Our simulations suggest that these schemes can achieve
a sensitivity four times better than the non-adaptive approach.

This work demonstrates how one can use non-SSR sensors as practical tools in the
APE algorithm and serves as a proof of concept for a specific non-SSR sensor, the
NV center in diamond. Nevertheless, it could also be implemented in other sensing
systems, as the approach is general, and for other sensing schemes, such as AC magne-
tometry using dynamical decoupling or electron spin sensing with DEER.
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“The only thing you can do easily is be wrong, and
that’s hardly worth the effort”

Norton Juster

Discussion

The overarching goal of this thesis was to advance the use of the nitrogen-vacancy
(NV) center in diamond as an atomic-scale magnetic sensor'” for detecting electron
spins $>553 in molecular systems, particularly molecular spin qubits (MSQs) 55:5¢. This
represents a significant step toward realizing a hybrid quantum system combining the
NV center with MSQs. Despite the substantial progress in NV-based sensing, chal-
lenges persist in adapting these sensors to the molecular complexity and coupling nu-
ances of MSQs. This work addressed these challenges by enhancing the NV center’s
sensitivity and coherence through a series of innovative techniques. Below, I summa-
rize and synthesize the findings from each chapter, placing them in the broader context

of the research objectives and future directions.

SENSING MOLECULAR SPIN QUBITS WITH NV CENTERS

The first objective was to demonstrate the potential of the NV center for sensing the
dipolar coupling to an electron spin in a molecular spin qubit (MSQ). I chose copper
phthalocyanine (CuPc) as a target molecule due to its compatibility with diamond sur-
faces and spin propertieséz. To overcome some challenges, I introduced a novel pulse
sequence, “Ramsey correlation”, designed to allow adiabatic pulses (chirp pulses) 10105107108

to address the broad magnetic spectrum of the molecule electron spins.
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Theoretical derivation of the Ramsey correlation showed the potential of isolating
dipolar interaction from other DC interactions. In addition, I demonstrated how the
correlation of the sequence breaks decoherence limitations and can stretch the coher-
ence of the NV center beyond the Ramsey 75. With the assistance of numerical sim-
ulations, I was able to show how the dipolar coupling is isolated from other DC fields
and vice versa. I also used the simulations to show the effect of the chirp pulse on a
complex magnetic spectrum, such as the electron spin in the CuPc molecule.

An experimental effort was put into two aspects: first, Ramsey correlation proof of
concept at room temperature measurements, and second, MSQ sensing under cryo-
genic and ultra-high vacuum environment. Using the room temperature setup, I showed
the dipolar coupling of the NV center to an electron spin in the diamond lattice. I com-
pared the efficiency of the Ramsey correlation sequence to the well-known and used
DEER sequence and showed better contrast for the Ramsey correlation. I tested the
effect of the chirp pulse parameters on the signal detection with Ramsey correlation.

The results from the low-temperature experiments on a diamond with 10% CuPc
molecules in a thin layer of H,Pc highlight critical findings and point toward future

improvements in NV-based quantum sensing.

* Prolonged coherence beyond 75: The Ramsey correlation measurements re-
vealed coherence times exceeding the sensor’s 7. With further experiments con-
trolling the correlation time, I showed a periodic occurrence of prolonged co-
herence, likely due to the refocusing of correlated magnetic noise from the Lar-
mor precession of carbon nuclear spins. In addition, a second frequency was
detected, which is most likely a spurious harmonic frequency inherent in the
pulse sequence. This insight underscores the utility of correlation-based tech-

niques for noise mitigation.

* Dipolar coupling to CuPc spins: Due to the prolonged 75, I could detect a sig-
nal rising from the chirp pulse centered around the CuPc magnetic spectrum. A
shortdecay time of 7, = 4.240.5 us was detected, shorter than the off-resonance
decay time, which was 75 = 5.5 + 1.3 s, indicating interaction with the MSQ
electron spin. In addition, further experiments with different spans of the adi-
abatic pulse showed a gradual change in signal, supporting the assumption that
the chirp pulse was driving the MSQ’s electron spins.

These findings are promising and place the Ramsey correlation sequence as a promis-
ing method for electron spin detection and DC field sensitivity with prolonged coher-

ence in general. Future work should focus on improving the spectral addressing of
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MSQs with optimized chirp pulses to unveil more information on the target electron
spin system. In addition, experiments with high and low magnetic field regimes can as-
sist in accounting for other noise sources refocused by the correlation. These advance-
ments will bring NV-based sensing closer to practical applications, such as nanoscale
magnetic imaging and hybrid quantum technologies.

ENHANCING SENSITIVITY WITH ADIABATIC PULSES

The second objective was to explore the advantages of using adiabatic pulses *105-107:108
over traditional 7 pulses in enhancing electron spin sensing with NV centers. I showed
experimental results where the chirp pulses significantly improved sensitivity and con-
trast, particularly in DEER measurements. The broader spectral bandwidth of the
chirp pulses enabled more efficient spin interaction with the MW. In addition, the
broader spectral driving of the chirp pulse did not broaden the spectral signal detected
from the electron, making it a viable pulse for future experiments.

These findings suggest that chirp pulses could play a pivotal role in improving NV
center-based quantum sensors. Beyond sensing, the robust spin-driving capabilities
the adiabatic pulse offers could facilitate spin polarization transfer and efficient quan-
tum gate operations, further bridging the gap toward hybrid quantum systems. Future
work should focus on optimizing chirp pulse parameters, exploring their application
in spin initialization, and integrating them into more complex quantum sensing pro-

tocols.

BAYESIAN INFERENCE FOR REAL-TIME ADAPTIVE SENSING

The third objective addressed enhancing the NV center’s sensitivity to DC magnetic
fields by employing machine learning techniques, specifically Bayesian inference for
adaptive phase estimation (APE) '*®'2°. By implementing a real-time Bayesian update
scheme with the NV center as a non-single-shot read-out sensor, I demonstrated im-
proved sensitivity and reduced measurement times of DC magnetic sensing. I showed
with simulations that an adaptive scheme could further enhance sensitivity compared
to non-adaptive methods.

This proof of concept underscores the feasibility of using machine learning to opti-
mize N'V-based sensing strategies, particularly in applications requiring rapid and pre-
cise magnetic field measurements. The adaptive Bayesian framework is general and
could be extended to other sensing modalities, such as AC magnetometry and elec-

tron spin sensing, broadening its applicability to diverse quantum sensing scenarios.
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OuTLOOK

Together, the methods developed in this thesis represent significant advancements in
NV center-based quantum sensing. The Ramsey correlation sequence, chirp pulses,
and real-time Bayesian inference address key limitations in sensitivity, coherence, and
adaptability, laying the groundwork for more complex sensing applications. While
the immediate focus was on detecting and characterizing molecular spin qubits, these
techniques have broader implications for quantum technologies, including bioimag-
ing, quantum computing, and hybrid quantum systems.

Looking forward, several directions emerge:

* Refinement of Target Systems: Expanding the study to MSQs with lower hy-
perfine coupling and better spectral compatibility with NV centers will enhance
the reliability of sensing experiments.

* Low-Temperature, High-Field Experiments: Implementing the methods de-
veloped here in cryogenic setups and stronger magnetic fields will enable better
initialization and polarization of MSQ spin states, a critical step for hybrid quan-

tum systems.

* Integration of Techniques: Combining Ramsey correlation with chirp pulses
and Bayesian adaptive sensing could yield unprecedented sensitivity and coher-
ence, pushing the boundaries of NV-based sensing.

* Application to Quantum Communication: Beyond sensing, these advance-
ments could enable quantum state transfer and entanglement generation be-
tween the NV center and MSQs, opening the door to scalable hybrid quantum

networks.

In conclusion, this thesis has taken important steps toward realizing the potential
of the NV center as a versatile tool for molecular spin qubit sensing and quantum
technology integration. The methodologies developed herein pave the way for future
research aimed at bridging the gap between theoretical promise and experimental re-

alization in hybrid quantum systems.
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Experimental methods

A.1 EXPERIMENTAL SET UP

Allmagnetic sensing experiments reported in this research work were done on confocal
optical setups. All setups are based on a generic confocal microscope suited for NV
center sensing with slight changes and differences between them, as will be clarified in
this section. I designed and constructed a room temperature setup, which was used in
the majority of the reported experiments, and its main components are illustrated in
Figure A.1 and explained in detail below.

A confocal microscope for NV centers has three main parts, separated by the dichroic
mirror element. The first, the excitation part, includes the diode laser of green wave-
length (Swabian Instruments GmbH DL nSec PE 520), 532 nm, a single-mode fiber,
and collimators for coupling the laser in the fiber and collimating the beam going out of
the fiber. The second, the detection path, includes the detection box and its elements.
Finally, the third part, the sample part, includes the objective and stage holding the
diamond sample.

The purpose of the excitation part is to prepare and control the excitation laser. We
use a band-pass filter to remove possible sub-harmonics and couple the laser beam in a
single-mode fiber with a fiber coupler. The single-mode fiber converts the laser beam
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spatial profile to a Gaussian, and together with a fiber collimator, the beam is colli-

mated with a waist diameter of ~ 2.4 mm and a maximal waist distance of > S m (the

distance on the propagation axis of the beam from the narrower point of the waist to

the place where the beam waist is doubled) before entering the objective in the sample

part of the setup. This apparatus ensures that the Gaussian-shaped laser beam enters

the objective aligned and is not cut

image of the beam on the sample.

to reduce the convolution effects of the Fourier

Before the beam enters the objective, it passes the dichroic mirror. Depending on
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Figure A.1: Schematic of NV center confocal set-

up
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the physical assembly of the setup, the dichroic mirror can be a high-pass or low-pass,
usually with a cut-off around ~ 560 nm. The purpose of the dichroic mirror is to sep-
arate the excitation and detection paths of the setup; the only part of the setup where
both wavelength regimes are together is at the sample stage and objective. The objec-
tive used in the room temperature setup is an Olympus MPLFLN 1oox objective with
a numerical aperture of 0.9 and a working distance of 1 mm. The objective is situated
inside a manual vertical positioner, allowing a manual approach of the objective to the

sample.

For focus fine-tuning, the sample is located on a closed-loop piezoelectric stage, of-
fering sub-nanometer movement resolution (Piezosystem Jena GmbH, TRITOR 102
SG). The stage has three movement axes offering a scanning range of 80 um, which is
controlled by a data acquisition card (DAQ). The Jena Piezosystem is located on a mo-
torized coarse stage (Newport M-406 XY linear stage), enabling movement in a range
of millimeters. The green laser reflected by the sample, along with the red photons
emitted from the NV centers and any other light source, is collected by the objective
and returned to the dichroic mirror.

The dichroic mirror separates the reflected green light from the red-emitted pho-
tons and the read-out part of the system. The read-out part is located inside a black
box, reducing any optical environment noise. A band-pass filter (Semrock 731/137
nm BrightLine) is placed at the entrance window of the box, filtering out any residual
green laser or noise. The collected beam then goes through a pinhole of 50 pm located
between two lenses and exactly in their focal point. The pinhole is a crucial element in
the confocal microscope; it blocks any light source not coming from the focus point
of the objective, reducing noise from a deep or shallow focal plane. After the pin-
hole, 2 50 : 50 beam splitter and two single photon detectors (avalanche photodiode
- APD, Excelitas SPCM-AQRH-12) are placed in a Hanbury Brown and Twiss con-

122

figuration '** to determine with autocorrelation if the detected fluorescence is from a

single quantum emitter.

A permanent magnet and an MW antenna are situated close to the diamond for
magnetic control of the NV center. The antenna is a coplanar waveguide (CPW)
printed on a glass or sapphire slide connected with coaxial cables to an MW source,
and the diamond is placed on top of the antenna for the maximal field. The permanent
magnet is placed on a motorized stage, enabling the search for magnetic field alignment
with any spatial orientation of the NV center.

The setup is controlled and synchronized with a Quantum Machines Operator-X
(OPX). The OPX is programmed with a dedicated Python-based programming lan-
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guage (Quantum Universal Assembly); it is field-programmable gate array (FPGA)
based, offering real-time calculations and pulse modification. The OPX is connected
with analog outputs (AO) to two MW synthesizers (Rohde-Schwarz SGT100A and
Windfreak technologies SynthNVpro), digital outputs (DO) to the pulsed laser diode,
and the DAQ, and analog inputs (AI) to the two APDs. The analog outputs provide
arbitrarily shaped pulses with frequencies ranging up to 400 MHz, the simplest config-
uration is two cosine waves with an intermediate frequency (IF) and a relative phase
of 7/2. These two waves are the input to the MW synthesizer where the local oscilla-
tor (LO) frequency is set to a frequency up to 6 GHz and IQ mixed together to allow
frequency control of the driving magnetic field. The output radio frequency (RF) is
amplified (Elite-RF) and transmitted to the CPW.

The analog inputs receive signals from the two APDs. Each signal input indicates
a photon detected, and it is measured with a time tag with 1 ns resolution, offering a
time indication of photon arrival. In addition, for time tagging the signal, each photon
detection can be “copied” and transmitted with a DO to the DAQ for synchronized
spatial scan (will be elaborated in Section A.2). Finally, a DO signal is used for gating
the laser diode synchronized with the driving AO pulses and the photon read-out with
the AL

The setup described above is the frame and basics of all three setups I used in this
research. All room temperature experiments reported in this work were performed
on this setup. The low-temperature experiments were performed on two cryogenic
setups. The results discussed in Section 2.3.3 under Chapter 2 were performed in a
cryogenic setup in the lab built by Dan Yudilevich and Jitender Kumar, former lab
members, using a liquid helium cryostat made by Cryovac and thermally anchored to
a stage situated in an ultra-high vacuum chamber. The low-temperature experiments
reported in Appendix C.1 were performed in a cryogenic setup in the lab of Prof. Amir
Yacoby at Harvard University built by Ruolan Xue and Dr. Nikola Maksimovic, using

the apparatus of a Montana Instruments cryostat.

Both cryogenic setups have a few important differences from the room temperature
setup. The first important difference is the scanning mechanism. Both do not use
a scanning stage such as the Piezosystem, but a Galvo system which offers scanning
of the laser on the sample surface. This system is more suitable for low-temperature
setups, as the scanning stage does not work at cryogenic temperatures. However, this
approach has limitations in the full image range it can offer.

The second difference is the possible DC magnetic field each has to ofter. The lab

cryogenic system has a vector magnet built of three superconducting coils and offer-
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ing a magnetic field up to ~ 85 G, whereas the magnetic field in the Harvard setup
uses a permanent magnet on a motorized stage allowing magnetic fields up to 1300 G.
The final difference is the synchronizing unit; the OPX unit used in the room temper-
ature setup is also used in the Harvard cryogenic setup. However, the lab cryogenic
setup uses an arbitrary wave generator (AWG, Spectrum Instrumentation GmbH,
DN2.663-04; four analog channels, six digital channels, 1.25 GSa/s) which synchro-
nizes all elements of a magnetic measurement apart from time tagging the photon de-

tection, done with a time tagging card (Swabian Instruments GmbH, TimeTagger 20).

A.2 CODE ADAPTATION

Controlling the setup is done with an open-source program suitable for NV center se-
tups named Qudi**?. The software is a Python-based code, offering flexibility in the
electronic instruments operated and connecting them all in a user-friendly graphical
user interface. For example, spatial scanning with the Jena Piezosystem or the Galvo
system is possible through the software, and for both, the scan is synchronized with the
photon collection through the DAQ. The system described above collects the photons
with the OPX therefore the collected signal is transferred to the DAQ for synchroniza-
tion with the Jena stage.

Unfortunately, the Qudi software was originally not designed to control the OPX.
The OPX is programmed with QUA, a Python-based language, but it was not imple-
mented in Qudi’s source code. Since the Qudi platform is highly versatile and meant
to be flexible with other elements, I was able to implement the QUA code inside the
Qudi platform, including a graphical user interface that allows real-time plots of the
detected signals.

A.3 DIAMOND SAMPLES

Prior to sample preparation, anumber of calibration and optimization steps were done
to ensure the samples met the criteria detailed above: shallow NV centers, long coher-
ence time of the sensor, controlled concentration of CuPc molecules on the surface,
and a single orientation of the molecules on the surface.

The NVs within nanopillar waveguides used for all experiments reported in this
work were fabricated at the University of Stuttgart by Drs. Rainer Sthr and Andrej
Denisenko. All diamonds have NV centers implanted at an energy of 5/9.8 keV, re-
sulting in NV centers in 5/10 nm depth, respectively. All diamonds have a natural

abundance of ®C. To prolong the coherence time, I calibrated an oxygen annealing
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process based on the reported results of Sangatawesin et al.*®, showing an increase in
coherence time of shallow NV centers resulting in the elimination of carboxylic groups
on the surface of the diamond.

Prior to the annealing process, I cleaned the diamonds using a tri-acid boiling clean-
ing process"*+. For the tri-acid boiling, the diamond is placed in a solution of 1:1:1
mixture of 65% nitric acid, 95% sulfuric acid, and 70% perchloric acid. The acids
are heated up in a reflux apparatus overnight. Following the process, the diamond
is washed several times with triple distilled water.

The cleaning process was also optimized to avoid any contamination that might
damage the diamond during the annealing process. During the optimization, I cleaned
the diamond with tri-acid boiling, and the surface was scanned using X-ray photoelec-
tron spectroscopy (XPS) by Dr. Tatyana Bendikov from the Department of Chemical
Research Support. During the optimization process, some of the XPS measurements
revealed silicon, lead and other contaminations, suggesting contamination from the
glass dishes and tweezers used in the process. Finally, after four rounds of tri-acid boil-
ing and clean working tools, including plastic dishes (polypropylene) to avoid glass, we
showed the optimal result of a diamond with minimum contamination on the surface
(Figure A.2a).

The oxygen annealing process was under 450 degrees Celsius for four hours with
a 35 SCCM (standard cubic centimeters per minute) flow rate with 99.999% oxygen
purity. To prove a successful implementation of the process, I measured the Hahn-
echo signal of nine NV centers in two diamond samples with 9.8 keV implanted NV
centers before and after the annealing process. I compared the decay times for each NV
center extracted from a fit to an exponential decay of the form- S(7) = exp(—(7/2:)?).
The results plotted in Figure A.2b showed longer coherence times for seven out of the
nine NV centers, confirming that the process can prolong NV center coherence.

The measurements reported in Section 2.3.3 in Chapter 2 were on NV centers in
diamond treated as described above and with a thin layer of CuPc and H,Pc evaporated
on the diamond surface. The molecules were evaporated using a Knudsen cell >3 with
two separate crucibles for the H,Pc and the CuPc (MBE Komponenten OEZ).

To control the ratio between the two molecules, I calibrated the evaporation rate for
each molecule using a thickness quartz sensor (Prevac Quartz Balance QO 40Ar1) and
AFM scans. I evaporated both materials on mica substrates, monitoring the thickness
rate as it is detected by the quartz sensor. The mica samples were then measured with
an AFM to estimate the real thickness of the layer. To estimate the thickness, I used
a scratching method with the AFM tip, where the tip is in contact with the sample,
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Figure A.2: (a) A wide spectrum of XPS from a diamond cleaned once with acid boiling (green) and a diamond
cleaned seven times with acid boiling (blue). Carbon and oxygen are noted with arrows. Silicon, nitrogen, sulfur,
and lead are evident in the inset spectra. (b) Decoherence time (73) as fitted to the data for nine NV centers before

(blue) oxygen annealing and after (green).

and a small force is applied to the sample so any material not strongly connected will
be moved with the tip. With this method, I exposed a small rectangle of the substrate
mica, and with a tapping mode, I measured the step’s height between the mica and the
material (Figure A.3a is an example of AFM scratch image).

Figure A.3b shows the reported thickness of the sensor and the scanned thickness
with AFM for a set of mica samples. The points were fitted to a linear function to
find a factor of 6.6 between the two thicknesses. During calibration, we observed that
for high rates of evaporation, a capping process occurs, obstructing the molecule cru-
cible®” and making the evaporation rate unstable and unreliable. This effect restricts
the evaporation rate to be under Sé.

For the ~ 30 nm layer of 10 % CuPc reported in Section 2.3.3 in Chapter 2 I evapo-
rated the H,Pc with a rate of 3% and CuPc with rate of 0.3, é for 10 seconds. How-
ever, for a 10 nm thick layer of 1% CuPc as reported in Appendix C.1 this was more
challenging. To achieve this concentration, I needed to use the maximal rate of 5 % for
the H,Pc and therefore a rate of 0.05 % for the CuPc was needed. However, the quartz
sensor is not reliable and highly fluctuating under a rate of 0.2 é

The low concentration of 0.05 % was extrapolated from the exponential rate behav-

ior under different temperatures as described in the Bachelor Thesis of Felix Weid-
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Figure A.3: (a) AFM image of a scratched evaporated CuPc layer on top of mica substrate and a cross-section of
height (green curve) showing the height difference between the layer and the substrate. (b) Calibration of evap-
orated layer thickness between scanned thickness with AFM and reported thickness of the quartz sensor. (c)
Evaporation rate detected with the quartz sensor at different temperatures and an exponential fit extrapolating

the temperature needed for 0.05 é (d) XRD scans of not annealed and 300°C annealing of a CuPc layer.

ner®”. The rate was measured by the sensor at temperatures of 375°C — 395°C. An
exponential function was fitted to the results, and the temperature for a rate of 0.05 é
was extracted. To verify the success of the process, I evaporated CuPc molecules un-
der the extrapolated 0.05 % rate for 15 minutes on a mica sample and then measured
the thickness with AFM. Two samples were prepared and showed a thickness of 2nm
which is a rate of 0.02 %. Finally, the 1% sample was prepared with H,Pc evaporated
at a rate of 3 % and the CuPc with the extrapolation method at an estimated rate of
0.02 é resulting with 0.6%.

Finally, we scanned the crystals’ formation and orientation on the diamond sur-
face with and without annealing to determine if an annealing process of the layer is
necessary. The XRD scans were taken by Dr. Anna Eden Kossoy and are plotted in
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Figure A.3d. The results are consistent with previously reported XRD scans®»% and
show different crystal order of « crystals and 4 crystals; however, both showed align-
ment of the crystals to the diamond surface.
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Analytical derivations for MSQ sensing

B.1 DIPOLAR COUPLING UNDER THE RWA

The rotating wave approximation is a tool we use to grasp an intuitive understand-
ing of a complex time-dependent system and enable analytical derivations of the pulse
sequences on the NV center. To invoke it, we apply the derivation in Equation B.1
where 7' = ¢~ 4% is a unitary transformation of rotation at the frequency of the rotat-
ing frame (w,) and around the axis it rotates (7;). We use this when we apply a pulsed
oscillating magnetic field with a frequency matching the resonance frequency of one
of the spin transitions of the NV center or any other spin in question.

Heoe = THT' — z‘T@ (B.1)
ot

When we apply it to the NV center’s lab frame Hamiltonian (Equation B.2), we
approximate the three-level system of the NV center to a two-level system of the two
states on-resonance with the rotating frequency. By doing SO, We are neglecting any
interaction between the chosen states and the third state under the assumption that
these interactions are off-resonance with the rotating picture and the driving field and,
therefore, almost unaffected by it. Using this approach, we treated the NV center as a

two-level system under the rotating frame (Equation 1.4).
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To get a better intuition of the MSQ electron spin dipolar interaction with the NV
center under driving fields on-resonance with the NV center and the target electron
spin, we also invoke the RWA. For a simple case of an electron under a Zeeman inter-
action, the lab frame Hamiltonian would include the dipolar interaction term on top
of each spin Zeeman and zero-field splitting Hamiltonians (Equation B.2). The inter-
action term in the lab frame includes all possible axes of the spins where the 7 vector is
the vector connecting the spins’ locations, and it can be expressed in the NV center’s
axes system (with ¢ and @ being the polar angles of 7). When invoking the RWA for
both driving fields, any operator not commuting with oIV of the NV center and ¢% of
the electron spin will result in a fast rotating term and can be neglected, resulting in

the Hamiltonian in Equation B.3.

z

Hﬁ‘l])_e = DSﬁ + 7NVB(O)SZ + ?’eBgo)afz

Ho
Fou[3(54) (o5 1)~ § - o
g (B.2)
38,y cos(@) sin(8) + 38,0, sin(p) sin(9)
— Had = @aa
+3S,0, cos(8) — Sear — Syoy — Sz,
Hioe <= A0 + 5,800,
Ho
+ waq [3cos”(8) — 1] &S, (B.3)
Hine

Under this picture, we can revisit the full system of an electron with a dipolar inter-
action to the NV center and a strong hyperfine coupling to a nuclear spin like the case
for the CuPc electron spin as written in the full Hamiltonian of the system in Equa-
tion B.4a. For the full system, we need to consider the hyperfine coupling, as it might
change the quantization axis of the target electron spin depending on its strength com-
pared to the bias magnetic field. We can now invoke the RWA with a double drive, one
on the NV center resonance frequency and one on the CuPc electron spin. For sim-
plicity, we will assume we know the state of the CuPc electron spin, which permits us

to treat it as a two-level system with a single resonance frequency.
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i=1
T a3 (S4) (68 4) — S o
{NY—Cube ( z(’o) >>Azz) = A + A
+ I A5 cos(04) 0 + 14 A5 sin(64) . + Z[N’AN

+ waa [3(cos*(6,) — 1] EhY

(B.4b)
HNY—Cube <A > B )> = Anva + 7/513(0)605(94)0“;@1)6
JCu  4Cu Ni - gNi ¢
+ ZCuPc Rz o-;’CuP Z[ZC Pc” T R% ZCuPc
+ waq [3 cos(84) cos®(6,) + 3sin(8,) sin(26,) — 1] ZCuPCONV
(B.4¢)

As discussed, the strength of the bias field will determine the quantization axis of
the CuPc electron spin. Two main regimes can be considered. The first is where the
bias field is much larger than the hyperfine coupling B§°) > A,,. In this case, the
quantization axis will be parallel to the NV center axis, and the Hamiltonian under
the RWA will be similar to the free electron dipolar Hamiltonian from Equation B.3
with the addition of the projection of the hyperfine coupling on the z axis as written
in Equation B.4b with 8, the angle between the hyperfine z term and the NV 2 axis,
and 4, the angle between the 7 vector and the NV z axis.

The other regime is when the hyperfine coupling is stronger than the magnetic field,
Ay > BE,O). In this case, the driving field of the target electron spin would be on the
Xcupe axis in the CuPc axes system. Therefore, under the RWA, the hyperfine zcup. term
would remain while the other terms would be rotating fast and neglected. However,
the dipolar coupling term would not transform in the same manner as the NV opera-
tors and electron operators no longer share the same axis system. To apply the RWA we
projected the electron spin operators on the NV center axis system, resulting in terms
of af/‘; and 7 Je Still, only 2 terms are left in the RWA, resulting in Equation B.4c.

87



B.2  ESTIMATION OF THE NUMBER OF MOLECULES IN THE SENSING VOLUME

The sensing volume of a sensor is dictated by the sensor’s decoherence time. To de-

tect a target spin with dipolar coupling to the sensor, the dipolar interaction has to
_1

2min

be faster than the decoherence time 7, > where wpi, is the minimal effective
dipolar coupling also considering the angle between the 7 vector and the NV z axis (4,)
(Equation B.sa). The maximal distance between the sensor and a target spin, where
the dipolar coupling is still detectable, would be for a case where 6, = 0 (as considered
in Figure 2.4a in Chapter 2).

To find the sensing volume of a sensor, we consider the depth of the sensor (5) in the
diamond lattice and its decoherence time. To simplify the calculation, we will calculate
the volume of an NV pointing toward the diamond surface, i.e., an NV inside a (111)
crystal plane of the diamond and in the [111] direction. The coherence time of the
sensor dictates a distance 7; for every angle 6,, (Equation B.5a), while the depth 4 will
determine which of these distances are above the surface of the diamond, indicating the
volume of detectable molecules. Based on these distances, we can draw an arc above the
diamond surface for any NV center and calculate the volume of a disk for each distance,
as illustrated in Figure B.1. Adding together the volumes of all disks, according to
Equation B.sb, would result in the sensing volume of the NV center.

h s
re= [WG cos’(6,) — 1) (B.sa)
V= Z (7i4108(6,,,,) — r;cos(6,,)) w(7:sin(6,,))* (B.sb)

i€{dri>hfuws, ,0,,€[0,51}

As the NV center is deeper in the lattice or the coherence time is shorter (75, < 75,

Molecule

/\ layer
v ‘ Nl

Surface m

Figure B.1: lllustration of the sensing sphere of an NV center at depth / and with decoherence times 75, < 7>,
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in Figure B.1), the volume on the surface would be smaller (see Figure B.1 for illus-
tration). Based on the calculated volume on the surface, the density and thickness of
the molecular layer, and the concentration of spins within that layer, we can determine
how many spins are in the sensor’s sensing volume (Figure 2.4c). The NV centers used
in the described experiments in Chapter 2 are in a diamond with a crystal plane of [001],
addingan angle of 54.7° between the NV axis and the axis perpendicular to the surface.
This angle would cause a small change in the size of the sensing volume and, therefore,

also in the number of molecules in this sensing volume.

B.3 ISOLATING DIPOLAR DECOUPLING WITH RAMSEY CORRELATION

The Ramsey correlation sequence suggested in Section 2.2 consists of four 7 pulses
applied on the NV center. To understand the final outcome of the pulse sequence, we
will describe the state of the sensor at the RWA after every pulse, and we will use the
NV Hamiltonian in the RWA as written in equation B.6, where AB is any DC mag-
netic field or detuning from the rotating frame frequency, o1'" and ¢ are the angular
momentum matrices along z for the NV electron spin and molecule electron spin, re-
spectively, and @,y is the dipolar coupling given by- w,; = I cundsh [3(cos2(€,) — 1] .

47|73

Heoe = ABAY + A& + wgyd (B.6)

After the first pulse, the NV center is at a superposition state [¢yy) = [0) + [1).
During the first free evolution time 7/2, the state of the NV center accumulates a phase
according to the Hamiltonian of the system, and the NV center state gains a phase-
[¥ny) = [0) + 71 (1), where @, = Z (yAB+ A, + ydB+ w44 |d%|). The operator |
will result in one of the eigenstates of the target electron spin- +3 reflecting the state
of the electron during this evolution time. We take the absolute value of the eigenstate
because of the symmetry of the measurement, where we will show that the interaction
flips a sign in the second part of the pulse sequence.

Pulse number two (pulse illustration is in Figure 2.6b) projects the state to the read-
out axis. The state just before projection has the accumulated phase during the inter-
action time (Equation B.7a). After the second pulse, the spin is projected to one of
the eigenstates of the sensor, and the phase translates to a change in the amplitude of
the state (Equation B.7b). The phase ¢ is the phase of the second 7/2 pulse (for phase
x — 6= 0and for phase y — § = 7/2). The “leftover” state on the equator will keep
accumulating phase during the mixing time ¢, ; however, as the mixing time is longer

than the decoherence time (7%), it will disappear. The relaxation time 7} of the sensor
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is typically two orders of magnitude longer than the mixing time. Therefore, we can
neglect its effect. Considering all these effects, the state during the mixing time will be
as written in Equation B.7b.

cos (0) [KTW/TZ sin (@) (|0) +¢#n [1)) + ¢™/Ti cos () D]

' (B.7a)
+sin (6) [e7/T cos (g,) (1) + €% |0)) + ¢/ Tisin () [0)]

NN

|¥y) = cos (6) cos (pl) [1) + sin (4) sin (¢1) |0) (B.7b)

The chirp pulse addressing the target electron spin is applied during the mix time,
between pulses two and three. The pulse flips the state of the electron spin, which
will simply change the sign of the interaction to minus the interaction from the first
evolution time. The third pulse drives the sensor again to superposition but with a
smaller amplitude and different phase -

¥aw) = [cos () cos (8) +sin () sin (8)] (10} — 1))

In this state, the sensor again accumulates a phase-

[¥nv) = [cos (@;) cos (6) + sin (g,) sin ()] (\0) — P ]1>>

Where the second phaseis - @, = 5 (YAB + 4, + y3B — wyy | 75|) with an opposite sign
to the dipolar interaction due to the chirp pulse that flipped the electron state.

Finally, the fourth pulse is applied to project the state back to the read-out axis us-
ing an % phase pulse. To see the outcome of the measurement, we should consider the
phase of the pulses used in the second and third pulses. The purpose of this measure-
ment is to isolate the dipolar coupling of the sensor and the target spin. We will show
that by applying this measurement scheme twice with the second and third pulses hav-
ing the & phase one time and the j phase the second, we can add the outcomes to isolate
only the dipolar coupling. The state for each of the cases before projecting it to the
read-out axis is presented in Equation B.8a.

[¥a,) = cos (1) (10) —€?21))
’%NVjﬂ = sin (@1) (|0> + %2 ’1>)

(B.8a)
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‘%NV%) = cos (@) cos (p,) 0)
|¢NV@> =sin (@,) sin (g,) |1)

(B.8b)

Projecting these states to the read-out axis will result in one of the eigenstates of the
NV center (Equation B.8b). After read-out, it will result with the cosine or sine signals
of the accumulated phase (Equation B.ga). Subtracting the two outcomes and using
a trigonometric identity will give the desired result of the isolated dipolar coupling
(Equation B.gb).

<0|¢NV5&> = S(@ — x) _ coS(¢1_¢2);cos(¢l+¢2)

<1|¢NV59> = S(¢ :}’) _ _coS(@l_%);Cos(@ﬁ_%)

(B.9a)

O = (Upars,) =S(p = 2) = S(p =) = cos (¢, — ¢,) = cos (wus) ~(B.ob)

B.4 NOISE CORRELATION

The Ramsey correlation sequence has shown a coherence time longer than 73, the
coherence time of a regular Ramsey sequence. In addition, it has shown a gain of co-
herence at specific correlation times, which we attribute to the correlation with AC
magnetic fields, such as the carbon nuclear spin in the lattice. To understand the
mechanism of noise correlation, we derived the expected signal of a single iteration
of uncorrelated noise and correlated noise at different correlation times (correlated or
uncorrelated to the noise). To account for the averaged nature of the NV sensor, we
then integrate the signal with the remaining noise over a Gaussian distribution of the

noise to receive the expected decaying signal.

We consider three noise sources: First, an AC field correlated noise. For this deriva-
tion, we will use the carbon nuclear spin, with 7cor = n7¢. Second, a DC field noise
fluctuates with the measurement timescale dBc,,,. Third, an uncorrelated noise 5.
The second noise, the fluctuating DC field 0Bcor, is the main source for coherence
gain after 75. This noise has no specific time characteristics. However, if we assume
that the field dBc,, is constant through a single iteration, we can write the expected

signal for both measurements (¢ = x/y) in Equation B.ro.
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S(p =x) = cos(®; — @) + cos(Py + P;) =
cos((waq + ydb1)7) + cos((yAB + A, + y9Bcom ) 7)
S(p =y) = —sin(P; — @3) +sin(P; + ;) =

(B.10)

— cos((wgq + y9b2)7) 4 cos((yAB + A, + ¥9Bcom2) 7)

The noise correlated with the measurement times cycle is canceled when the phases
of the two interaction periods are subtracted. However, it remains when they are
added together with any other DC magnetic field. In contrast to the other DC fields,
this noise is not the same between iterations and even between both measurements of
@ = x/y. Therefore, when adding the measurements of different phases ¢ = x/y and
adding all repetitions, we can treat the noise dBcorr as a Gaussian distributed noise and
integrate over the noise to result with an exponential decay with a decay constant of

3., (similar to Equation 2.4b with 2, = 1/r;).

The subtracted phases still have noise from any uncorrelated magnetic fluctuations
db. Therefore, the subtracted phase component after subtracting the measurements
of different phases ¢ = x/y and adding all repetitions will result in exponential decay.
However, this signal would be integrated over a different Gaussian distribution of the
noise where the correlated noise is factored out and, thus, the expected decay constant
will be higher T, (similar to Equation 2.4a with 21 = U/1;).

Finally, the AC field correlated noise has a similar mechanism to the 9Bc,, noise,
with one exception. The coherence gain has time reoccurrence for any integer mul-
tiplication of the correlated time Tcore = 27¢%7. Figure B.2 illustrates the difference
between a correlated noise that is gaining the same phase at both interaction periods
for each single iteration (upper) compared to an uncorrelated noise (lower); this pic-
ture helps to gain intuition on the effect.

To derive the expected phase of a single iteration, we consider the phase accumulated
due to the AC-correlated noise at the first and second interaction periods. For now,
we will ignore other phase sources for simplicity. The phase in the first period will be
@, = 27(fc5) and the phase of the second period would be @, = 27(fc 5 + fcTcor)-
Together, we can write the outcome of a single iteration as the addition and subtracted

phases (Equation B.11a).
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S(@ =%, 7 = Thx Teor) =
cos(—27fc Tcor) + cos(2a (Y fo. 5 + fc Tcor))
S(p = 2,7 = ThxTeo) =
— cos(—2zfc Tcor) + cos(ZW(Z]%% + +fcTcor))

(B.112)

S(¢ = x/.% Tcor) = * COS(—ZWfC TCorr)

N / TR [cos(2m(3 foF + feTow))| 43 fe

_2
=+ cosQCc Tcorr) + PRI COS(fC TCorr)

(B.11b)
S(Tcon) = S(p =x) —S(@ =y) = cos(fc Tcor) (B.11¢)

Both terms have the phase of the AC signal from the correlation time, resulting in
an oscillation function in 7., with a frequency of .. However, the second term also
has a residual phase )" fc, which is changing between iterations. The final signal of
the measurement is given after subtracting or adding the separate phase iterations and
averaging over all repetitions. The order of these operations can be switched. Starting
with averaging over all repetitions for each phase measurement ¢ = x/y, we are adding
up all coherent signals and averaging the noise signal by integrating over the signal with

Teorr =nT — ¢1 = ¢2

EB@ EB@EB@ EB@

Teorr # 0T — 1 # ¢

Figure B.2: lllustration of an AC field correlated (upper with Tcorr = 7) and uncorrelated (lower with Tcor >~ 1.57)

with the Ramsey correlation sequence
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a Gaussian distribution of the noise (Equation B.11b).

The result is a coherent oscillating function and an oscillating function exponen-
tially decaying. Now, subtracting the ¢ = x/y measurement will result only in the
oscillating function (Equation B.11c). The result in Equation B.11c is incomplete.
Other noise sources, such as relaxation and fast fluctuating magnetic noise, are still

causing a decay of the averaged signal and are not included in this derivation.
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Experimental effort toward single MSQ
sensing

C.1  PRELIMINARY RESULTS OF CUPC SAMPLES

The first studied sample of CuPc molecule layer consisted of a highly dense MSQ layer,
where 100% of the material evaporated onto the surface comprised CuPc molecules.
Beginning with such a dense sample aimed to amplify the impact of the chirp pulse.
Notably, the electron spin state of the molecule will only flip when occupying one
of the frequencies addressed by the chirp pulse. Therefore, with a greater number of
molecules present on the surface, the likelihood of more molecules being flipped and
contributing to the signal increases. These measurements were conducted within the
cryogenic confocal setup located in the laboratory of Prof. Amir Yacoby at the Applied
Physics Department, Harvard University. This setup was a temporary alternative due
to technical issues with the cryogenic setup in the lab, and has a high magnetic field of
up to 1300 G at an average temperature of S K and pressure on the order of 1-10° bar.

A total of five NV centers were scanned. A notable observation was the change in
decay time when the chirp pulse was applied to the free electron resonance frequency.
This phenomenon was observed in four out of the five NVs, while the fifth NV was

not measured with the chirp pulse applied to the electron spin resonance frequency.

95



The enhanced effect observed at SK can be attributed to the longer relaxation time
(T1) of the free electrons, thereby reducing noise and negating the absence of an effect
when the electron spin is flipped due to relaxation during the measurement, rather
than actively by the chirp pulse. Figure C.1a illustrates the percent change in decoher-
ence time depicted in blue bars. Additionally, Figure C.1b showcases an example of
chirp DEER on and oft applied to the free electron resonance frequency for NV 1.
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Figure C.1: (a) Change in the decay time between chirp DEER on and off where the chirp pulse was applied on
the free electron spin resonance frequency (blue bars) and where the chirp pulse was applied only on the MSQ
resonance frequencies (green bars). The measurements were done in a 700 Gauss magnetic field and with a chirp
pulse width of 600 MHz. (b) Example data from NV1 of chirp DEER on (blue) off (green) as the chirp was applied
on the free electron resonance frequency. (c) Example data from NV1 of chirp DEER on (blue) off (green) as the

chirp was applied on the MSQ resonance frequency.
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Furthermore, a change in decay time between chirp DEER on and off, specifically
when the chirp is solely applied to the molecule resonance frequencies, excluding the
free electron resonance frequency, would signify interaction between the NV center
and the MSQs on the surface. Figure C.1a illustrates the change in decoherence time
for this scenario depicted in green bars. Moreover, Figure C.1c presents an example of
chirp DEER on and off applied to the molecule electron resonance frequencies for NV
1. It is evident that the effect from the chirp pulse, when solely applied to the MSQ,
is considerably smaller. This diminished effect can be attributed to the shorter relax-
ation time of the concentrated molecules’ spins 62 Additionally, the partial spectrum
addressed by the chirp further diminishes the signal.

The second sample analyzed featured the lowest concentration achievable under
the evaporation limitations to attain the longest relaxation time for the MSQ electron
spin 62 This sample comprised of 1% CuPc evaporated simultaneously with H,Pc
molecules on a diamond with nitrogen atoms implanted to an average depth of 10 nm.
Six N'Vs were systematically scanned within the cryogenic confocal setup in our lab
under a magnetic field of 65 — 68 G. No oscillations or change in decay was evident
in any of the scanned NV centers. An analysis of the expected number of molecules
within the sensing volume of the sensor revealed that for a 1% concentration and an
average depth of 10 nm almost no molecules with electron spins are expected to be in
the sensor’s sensing volume (see Figure 2.4c¢ for the expected number of molecules in
10% of electron spin molecules).

These two experiments and the analysis done afterward led us to the parameters of
10% CuPc and S nm deep NV centers as used in the sample scanned in Section 2.3.3.

C.2  VANADIUM BASED MSQs

As part of the search for an MSQ to study, we have also considered vanadium-based
molecules synthesized and studied in the group of Danna Freedman at MIT. These
molecules were reported to achieve very long coherence times also at relatively high
temperatures ° and in a spin-free solution. The molecules we examined are V (C3S40),>~
molecules (illustration in Figure C.2a) with vanadium nuclear spin of 7 = 7/2 and hy-
perfine couplings of 4., = 4,, = —258 MHz and 4., = 6 MHz with no other nuclear
spins in the molecule.

To place these molecules on the surface of the diamond, we had to use drop-casting
of the molecules inside a toluene:dimethylformamide (DMF) mixture of 1:1. After

drop-casting, the solvent evaporates, leaving the molecules on the surface. To check
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the molecules on the surface, we used XPS scans with the help of Dr. Hagai Cohen.

First, we dropcasted two solutions of V (C3540),>~ molecules in toluene/DMF at

(@)
(PPh4)2[V(C5Ss)s]

(PPha)2[VO(a-C3Ss):]

(b) (c)

— 1mM
105 — 1mM — 0.5mM
— Clean
— Solutions|

120 |

Intensity (cps)
Intensity (cps)

Binding Energy (eV)

sTa sh sl sh B En sho
Binding Energy (eV)

(d)
X 103 60 X 102
18] 55
167 /& i’g fl\
j ‘ E
12] / \ 357 \
1 303
o 10 ‘ H O 253 \
o 8] 1 ® 20 ‘
6] 153 \
4 VWW“WWWWMW’ 1 O—EMMMWWWM,WWM bt
T ‘ 1T ‘ 1T ‘ T T ‘ LI ‘ T T ‘ 1T ‘ 1T ‘ 1T ‘ L ‘ T ‘
540 536 532 528 524 520 540 536 532 528 524 520
Binding Energy (eV) Binding Energy (eV)

Figure C.2: (a) lllustration of V (C3S4O)32_ (left) and VO (a — Cgss)zz_ (right) (b-c) XPS spectra of diamond
samples “1 mM”, “0.5 mM”", “solution” and “clean” of vanadium (b) and sulfor (c) (d) Oxygen XPS spectrum of
V (C38:0),” (left) and VO (& — C3Ss),” ™ (right).
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concentrations of 1 mM and 0.5 mM on two diamonds, and left to dry in air conditions
inside a chemical hood overnight (samples referred to as “I mM” and “0.5 mM”). The
samples were analyzed with XPS and compared to an XPS measurement of a clean
diamond and a diamond with only a toluene/DMF solution (control samples referred
to as “clean” and “solution”). The XPS spectra of vanadium and sulfur of all four

samples are shown in Figures C.2b and C.2c respectively.

The sulfur spectra (Figure C.2c) are a clear proof that the molecules are on the
surface of samples “ImM” and “0.5 mM”, since the “clean” and “solution” samples
showed almost no sulfur. The vanadium spectra (Figure C.2b) showed higher amounts
of vanadium on the “0.5 mM” sample compared to the “I mM” sample. This result
mightsuggest that with high concentrations alarge amounts of the molecules are washed
from the diamond with the solution. Further analysis of the vanadium spectra showed
two main oxidation states of the vanadium. A possible explanation for this result is
that some of the molecules go through a chemical transformation, for example, “los-
ing” one ligand once formed a bond with the surface.

To avoid the problem of a broken molecule, we considered using similar molecules
with two ligands instead of three and a planar shape, which should also be more com-
patible with the diamond’s flat surface. The two ligand molecules we considered are
VO (& — C3Ss),” . We used XPS to compare the V (C35,0),>~ (molecule 2) and
VO (& — C3Ss),”~ (molecule 1). The major difference between the two species was in
the oxygen spectrum in Figure C.2d. The oxygen spectrum of the planar molecules
(molecule 1) had two peaks, which indicated a carboxylic acid group (COOH) and al-
coholic group (COH), whereas the spectrum of the other molecule (2) had one peak,
only the alcohol group. Alcohol groups can also be found on a clean diamond, there-
fore expected to be found. However, the carboxyl group indicates a reaction caused
on the surface of the diamond with the oxygen atom connected to the vanadium atom

in the planar molecule.

Apart from the difference in the oxygen spectrum, we analyzed the spectrum of
the sulfur and vanadium atoms. We examined the ratio between the atoms (vana-
dium/sulfur) on the surface, which should be the same ratio as in the molecule- o.1
and o.12 for molecules 1 and 2, respectively. The ratio calculated for both molecules
was higher than expected- 0.2 and 0.2.1 for molecules 1 and 2, respectively. This finding
indicates that the molecules break from the ligand groups, which leaves the vanadium
atoms unconnected. The molecules are known to be very stable in crystal form and in
solution form when the solution is clean from water. Therefore, we hypothesize that

the ligand braking is due to the interaction of the molecule with water vapor in the air.
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Because of the unknown state of the molecules on the surface after drop-casting, we

chose not to use them in NV sensing experiments.
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Analytical derivations of adiabaticity

D.1 CHIRP ADIABATICITY FACTOR FOR LINEARLY CHANGING FREQUENCY PULSE

To get a numerical representation of the adiabaticity of the pulse, we use the Q factor
describing the ratio between the rate of change d4«/u: of frequencies compared to the
eftective field w5 = B/, of the chirp pulse. To calculate the Q factor term in Equa-

tion 3.1b for a linearly changing frequency pulse, we will estimate 4/a: and w4

The magnetic field applied to the system is

BW cos(w(z))
Buwai(t) = | BY sin(w(2))
B(0)

Where w(r) = k for a linearly changing frequency and £ = 49/ar is the rate of
the frequency change, so AQ is the total span of frequencies applied in the pulse and
AT = Ty is the total time that the pulse is applied. Invoking the doubly rotating frame
that rotates with the applied driving field, we can write the effective magnetic field in
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the system-

This picture shows the rate of change in the BY) field, denoted as 4/ar. The chang
ing angle () can also be described by the inverse tangent of the magnetic fields - « =
tan~! (ﬁ) . Now, we can calculate the adiabaticity factor of a linearly changing
frequency pulse.

_ Y
Q N d”‘/dt

0B — () + (780

d/4r (tan 1 B(O)B(Ij(,w))
\/(730 — w(t)? + (yBW)?

a/ar((2))yBD)
(7B —w(2))2+(yBW)?
VBO — w(0)2 + (BO)?

/e}/B(l)
(7BO) —ke)2+(yBW)?

The minimal adiabaticity can be found when the frequency () gets to resonance.
In that case, the effective field is minimal, and the change angle is maximal. Therefore
we will determine a high adiabaticity when this term islarger than 1. For full passage we
reach resonance at 7,/2 where B") — &(7},/2) = 0 and resulting with the Q adiabaticity
in Equation D.1. Where we used the Rabi frequency of the system, that is 2z» = yB(1)
and AQ = 27zAF.

B yB() B ;/B(l) B (27v)?
Q= yBD T80/ A/
(yBD)? 7BW (D.1)
_ (27zv) B 27!1/27}
270F )7, AF
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Adaptive phase estimation full adaptive

scheme

E.1 ADAPTIVE PHASE CALCULATION

Taking Eq. 4.3a and the Ramsey model (Eq. 4.3b), we derive in this appendix the op-
timal phase in the adaptive case. To this end, we define here the sensor’s threshold («)

and visibility (7) as follows-

a =5 [Ps(lmo) + Py(1]my)]
Pt~ Py(tlm) (e T2
Vo=

For the optimal phase, we use the Fisher information as discussed in Section 4.3. To
calculate this we use the model - L(f, §) = a1 + Vcos (27fz7 — 6)] and calculate its

derivative 5
L'(f3,0) = —L(f3, 8) = —2aVrrsin(2zfpr — 6).
Ofs

Next, we use the binomial probability distribution to write down the mean and vari-
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ance,

= E[r|fs] = R L(f3,9)
# = £l 18] = R 11— )]

We can approximate L(f3,6) = L ~ % + Aif A < 1, and then get an expression for

the variance in leading orders of £
asz-LvB,mu—L(fB,e)]=RL—RL2=R[(;M)—(;M)z]:
_R (1+A) %+2A +AY) | ~ <F+A)—VZ—2AV
R R R R R
}’2 7 7 72 7 I 7'2
— [L—R2—2<L—R>R]:R[L—FRZ—ZRL]:R[LO—ZR)—FRZ}

Now, we define the logarithm of the model (likelihood) function:

v

K(r,f5) = log P(r|f5) = log ( K ) + rlog L(f, ) + (R — r) log (1 — L(f3, 9))

and so

L 1-L

f ) = rL’ (Rl—_rL)L’ _ [V R—i’] . [LV(I_—RE)L/] _ i(r_ﬂr)L’(fg, 5)

As we wrote in Section 4.3, the Fisher information can now be explicitly calculated,

1) = |(ekif)) | =El0— )] 5 (W0 = % @)
LRI s N sin (27f37 — 6)
% + (1—22) L(f3. §) R2 + (1—2%) [l + Vcos (2zfpr — 6)]

The last term can be written in a more compact form by denoting

2 .
A:ﬁ—k(l—zﬁ)a

B— (1—2%)0&V

C = 4R’ V7?7,
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such that,

B sin®(27fgT — 6)
1(fs) = CA +Bcos(ZB7IfBT* 9)

We maximize the Fisher information (or minimize the Cramér-Rao bound):
s,
—1 =0
55" /?)

with two solutions. The first one is a minimum with = 2zfz7 and the second solu-
tion is 4 cos(2zfz7 — ) + B = 0. Usingﬁ; = E[f3], gives:

. —B
Oopt = 27fBT — cos ! <A> ,
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Strong magnetic gradient for individual

molecule driving

F.1 SUPERCONDUCTING MICRO-COILS FORLOCAL MAGNETIC FIELD GRADIENTS

For the ambitious goal of sensing a single MSQ with the NV center, we planned to cre-
ate a spectral separation between close MSQs. To this end, we can use a magnetic field
gradient, as was shown in the past, to allow spatial separation of electron spins 65,64 In
this work, we aimed to achieve a stronger gradient that will provide spatial separation
of two-electron spins 10 nm apart. This gradient can separate spectrally free electrons;
however, due to the broad spectrum of the MSQs studied, it is not relevant to this
molecular qubit system but rather to a narrowband one.

The magnetic gradient I designed was a structure of small micro-coils in an anti-
Helmbholtz configuration, fabricated from a superconducting material. The use of su-
perconducting material allows for a high current without heating the sample under
the cryogenic environment. On top of it, a small structure of the micro-coils will also
increase the local gradient due to the larger magnetic field close to the coils.

A prototype of the micro-coil structure was printed on a silicon substrate from a
Molybdenum Rhenium alloy (s50:50) (Figure F.1a). A four-wire configuration was

connected to the coils to estimate the critical current allowed with the micro-coils. The
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Figure F.1: (a) Image of a micro-coil design printed on a silicon wafer with Mo-Re aolly spatered on it. (b) Image of
a specially designed diamond with pillars located in small circles to fit the micro-coils design. (c-d) Simulation of

a micro-coil with a low current of 0.03 mA (c) and high current of 0.1 mA (d). (e) Resistance measurement of the
micro-coil imaged in (a) at low temperature of 4.2 K and rising amplitude of current.

prototype was then cooled down in a liquid helium Dewar to a temperature of 4.2 K.
The transition of the coils to the superconducting phase was clear from the resistance
measurement of the coils (Figure F.ze).

The critical current achieved was 30 mA, a current density of 6.87 - 10° % for wire
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126

thickness of 0.3 pum and width 8 um, better than what was reported in the literature
A simulation of the expected gradient under such a critical current resulted in a max-
imal magnetic field gradient of 4 u% (Figure F.1c). By linear extrapolation increasing
the height of the deposited layer to 1 um will result in a maximal magnetic gradient
field of 12 u% (Figure F.1d)).

To assess the actual magnetic field gradient, the micro-coils are planned to be printed
on the surface of a diamond membrane with pre-etched pillars in arrays of 8o pillars
arranged in a circular structure (Figure F.1b). The diamond with the printed super-
conducting micro-coils will be measured in the cryogenic confocal set-up. We will use
the NV centers in the diamond to measure the actual magnetic field gradient we cre-

ated with the micro-coils.
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3¥pN

Sw 01°90 MIMS 92000 ANy 27 T0mp Jwna 7900 MN-pan Mon %A Ao
APOLINT MNINT NN TINY 773 DA 2I¥°1 ,INT OV OMILN 771 1Ipa DIUpON
MW AN 7907 MYRYN TANN M1 MNIR%INa NYnT ANN0RONX N0 Sw masini
n1a% 19130 07799200 NPVINP NN 735 M%IP5Ina *1170PYN N0 QY MA-1PAn 1N
AW N Sw 0MANNT oY TTMNAY Tvnd A5 anw w arn neavn nroamp 1ava
MW7 NYAATY M7WTN MW MmN 77 5y 0772 71219111 11370p%N 9700 5w nvvaan
MMA-1PAN 1391 N0DAN AW YW NY0INRA NPLINTIRM

oy A9%%Mm LPANIonD nwina Swoawend awvaw apnmi YRNn Dnms Tmavi
N0N AW MR SW INNNT NDDIAN AWIN 1PN TT7TH MYYNNA 0PIN 1IN0
N A DOWIAP DVAN MITW YW AW NIWHND WA 777TR0 DLW (Ramsey) "THINT”
LT3 T35 19w 09019707 N1POIMIPT 23312 92yn JW2 N YW NY0Inpa N1P0IMPT 13T NIINT
12 A2P21MA MPINT 1IN0 YW TN NN TN TTWS MW TWONNT T
Mn-1pan

MR MUW 218 Sy 77700 NOW YW Moy NN NN NPT 071071 YW MINYIN
139 MYYHINA NP0 YRS 07037 NN MIN?an §7 ,(DEER) PI0RIN-1190pYN-01117 115
MINID D023 MKXINN PO ,13 99 07 .NT1Ma A90%Im3 21MupoN 9900 Sw in-jpan
,1An8 5w r13ya3 1990 9ThS TTINA NRNNA 1T SV S0 AmXnan PN NTuINmp
ST NOYWA 07801 DWW SV yraxn 1 93T

MINTY MWATT NN 922379 05w 191373 ,0°0aN7 TN 009191 WIn'wa 03 hpoy A7avi
DOVIN°1 79Ya DYDANYTIN 00919 .DEER MIVYNINA D1I0PYN 00 YW v na 71w
PNPNIVIN TWONS Nan Sy AmT 05 AMNA WINTWT MST 0097100 0°0%1B1n TN 07
NYLUINP AWINA 0091977 SW SNINIVIBT DX WIATHIT 72T ,2INVPINT AP0 DY NI 120
5931 *ump wnna vIva

1112 (Bayesian estimation) 7IN?D%72 pO°1 2Y NODIANT AIND NIWAY Avw ,010Y
MIYS Jwrnm Sw mweaan Sw Merw AWONND TOWT ,NN-1PAN 19T SV nnwn DnN
PAVIINN NI JWITIAN MINA DA% AN MTTI VIXos PN nia 0oviap 0roan
LMW NOMW PIN TTTNRM 20T NN N80 19137 129087 19INA JUIWT DIWY 7Y FININ
0P AW MY NN 17N PN SNIXIIBT NN AMXNY N0

1371 5w SNOXIIBT WINTM NNIPY NTMYNWYn MnTRNm MAYN 1997 MMnTpnnT e
MW N9w 170 Sy . m9Pp5Ina 1upoIN 9790 1M MAIMN MIIWNY JWID NN-1pan
D TINY DIMRIWS 77T DN NY2I0 1 ATIAY 07 WYN DMANK OV MITTNNT N N1P0Impm
95 Haym nruanp NMWPN NPT MPDINR MaTvna
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