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Abstract

In the medical field, magnetic resonance imaging systems generally lack the sensitivity to detect
weak signals associated with free radicals, such as those arising from their magnetic moments. This
is important as conditions such as sepsis are associated with the presence of free radicals in patients.
Quantum sensors are promising devices that offer better resolution and sensitivity compared to their
classical counterparts, as they take advantage of effects such as spin dynamics. Nitrogen-vacancy
centres (NV-centres), a type of quantum sensor, are situated near the nanodiamond surface and can
detect free radicals through Ty relaxometry. Beyond their relaxation times, the spin-coherence time
of the NV-centres can serve as an additional parameter that enables more precise studies of free radi-
cals. However, surface characteristics, namely paramagnetic defects and dangling bonds, significantly
reduce the coherence time of the NV-centre. This review paper explores various synthesis techniques
and surface treatments to improve the surface characteristics of the nanodiamonds. Additionally, the
coherence time of the NV centre is determined through microwave pulsed optically detected magnetic
resonance experiments and can be extended using specific pulse sequences. This paper will also examine
the coherence times achieved with various microwave pulse sequences.
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1 Introduction

Developments within the medical field often
benefit from instruments with improved sensi-
tivity and resolution, which allows for detecting
weaker signals and resolving finer-scale details
[ 1], [ 2]. Examples include the development of
fluorescence-guided surgery [ 3], which allows
surgeons to conduct intraoperative imaging
and define tumour boundaries better [ 4]. This
method not only enhances tumour resection
but minimizes tumour recurrence [ 5]. Another
device category is the quantum sensor [ 1].
These sensors use quantum mechanical effects
such as quantum coherence and spin dynamics,
which are not measurable with classically-based
sensors [ 6].

Quantum sensors include colour centres,
such as nitrogen-vacancy centres (NV-centres),
which are point defects situated near the surface
of nanodiamonds (NDs), where a nitrogen atom
replaces a carbon atom after an adjacent carbon
vacancy (Figure 1(a)) [ 7]. NV-centres may occur
naturally, but studies use synthetic NDs to allow
more control over their properties [ 7]. These
defects influence the optical properties by giving
NDs fluorescent emission capabilities. The use
of NDs in healthcare has increased due to their
biocompatibility [ 8], cost-effectiveness [ 8], and
their production and size enable the study of a
cell’s intracellular movement [ 9]. Additionally,
NDs with NV-centres are most widely employed
for diamond magnetometry [ 10].

Diamond magnetometry is a technique that
may use NV-centres in NDs to monitor changes
in the NV-centres spin state when in a magnetic
environment. This allows for detecting weak
magnetic fields to a scale that conventional
magnetic resonance imaging systems generally
struggle with [ 11]. For example, this has allowed
researchers to detect magnetic moments that
may be linked with free radicals in biological
cells [ 12]. This is remarkably valuable as the
presence of free radicals is associated with
conditions such as sepsis, which is responsible

for 11 million annual deaths [ 13].

When studying samples that may contain
free radicals, the observed fluorescence intensity
from NV-centres is lower compared to samples
without free radicals [ 9]. The fluorescent inten-
sity is related to 77 relaxometry, which measures
the longitudinal relaxation time taken for the
NV-centres spin system to return to thermal
equilibrium after being optically disturbed [

], specifically, through the use of a 532 nm
green laser [ 15]. Free radicals may have an
associated magnetic moment [ 16], which affects
the exchange of energy between the NV-centre
and its surroundings [ 7]. This causes the
relaxation time to decay more rapidly, resulting
in a reduction of fluorescence intensity.

NV-centres are rich in spin dynamics and
offer more than their spin-relaxation character-
istic [ 17]. This review paper aims to investigate
different experimental techniques which en-
hance the coherence time of the NV-centres,
enabling it to be an additional parameter used
to study free radicals with higher sensitivity.
However, surface characteristics such as para-
magnetic defects [ 18] and dangling bonds [
] reduce coherence times. Literature reports
measured coherence times of the NV-centres
being two orders of magnitude lower than
their relaxation times [ 20]. Therefore, different
synthesis techniques and surface treatments
will be investigated to reduce surface defects.
In addition, the coherence time is measured
through microwave pulsed optically detected
magnetic resonance (ODMR) experiments [
] and is influenced by the pulse sequence
used. Thus, various pulse sequences and their
respective coherence time will be explored.
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Figure 1: (a) Diamond lattice with an NV centre where N represents a nitrogen atom, and V represents
a vacancy (Figure inspired by [ 21]). (b) Jablonski diagram of the NV-centre, where the green arrows
represent excitations and the red arrows represent relaxation through fluorescence. The orange arrow
represents the spin-flip transition after applying a specific microwave frequency. Additionally, the Zee-
man effect causes ms; = +1 states to split in the presence of an external magnetic field (Figure inspired
by [ 10]). (c) Experimental setup for exciting samples containing NDs. After applying a green laser and
microwave pulses, the corresponding optically detected magnetic resonance spectra and fluorescence
emission are recorded (Figure inspired by [ 1]).

2 Magnetic Reasonance Imaging
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Figure 2: (a) Larmor precession of the hydrogen nuclear spin when subjected to an external mag-
netic field. (b) Changes transverse (M, and M, plane) and longitudinal (M, plane) magnetization
during a 5 radio-frequency pulse (Figure inspired by the GitHub animation by Steren Giannini

a).

The following grey box was written based on the content from [ 22], [ 14], [ 23], [ 24], and
Questions and Answers in MRI? by Allen D. Elster, MD. Magnetic Resonance Imaging (MRI)
machines in clinics and hospitals offer a non-invasive and non-ionizing method for imaging a
patient’s spinal cord to their kidneys. In these machines, the patient lies down on a platform
that is slid into the MRI machine, which contains superconducting magnets that generate a
magnetic field (B.,;) along the patient’s body (the longitudinal axis). The interaction between
the hydrogen nuclear spins and B,,; causes a Zeeman effect, which lifts the energy degeneracy,
splitting it into two non-degenerate energy levels. Hydrogen nuclear spins in the spin-up state
have associated magnetic moments which precess parallel to B.,;. Whereas hydrogen nuclear
spins in the spin-down state have associated magnetic moments which precess antiparallel to
B..i. The precession frequency of the hydrogen nuclear spins in either the spin-up or spin-
down state can be expressed through the Larmor equation:

Wy = ’}/Bext' (1)

wo is the angular frequency at which the spins precess, and v is known as the gyromagnetic
ratio for hydrogen nuclear spin (Figure 2(a)). In addition, the population distribution of spin-up
and spin-down hydrogen nuclei can be expressed through the Boltzmann Distribution:

% — e FT, @)

N_ represents the population of hydrogen nuclear spins in the spin-up state, which slightly
outnumbers N, which is the population of hydrogen nuclear spins in the spin-down state.
The energy difference between energy levels associated with spin populations N_ and N,
is expressed by AE. Here, the energy associated with spin population N_ is lower in
comparison to that of spin population /V,. In addition, & represents the Boltzmann constant,
and 7T is the temperature. As there is a population difference between N_ and /N, (equation
2), this results in results in a net magnetization vector (/) which aligns parallel to B.;.

To produce an image, a 7 radio-frequency (RF) excitation pulse is transmitted via RF
coils in the MRI machine, which tips ) to point in the transverse plane. Over time, M,
will spiral and gradually realigns with B.,; (Figure 2(b)). The time taken for 63% of the
longitudinal magnetization, the component of the magnetization vector in the longitudinal
plane (Figure 2(b)), to return to its equilibrium state is known as the 7} relaxation time.
Whereas the time taken for 63% of the transverse magnetization, the component of the
magnetization vector in the transverse plane (Figure 2(b)), to decay to zero is known as the 75
coherence time. As this happens, hydrogen nuclear spins emit RF signals, which are received
by RF coils within the MRI machine. As the local environment within a patient varies,
how the longitudinal and transverse magnetization evolves will also be different. This gives
rise to signal contrast between the various body parts of the patient, thus each body part,
tissues, and organ of the patient have its own respective 7} relaxation time and 75 coherence
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times. Analysing the emitted RF signals from hydrogen nuclear spins, one can generate an
image, where the contrast between different regions can be investigated due to differing 7}
relaxation time and 75 coherence time.

Figure 3: MRI image of a fetus at 26 weeks gestation. The face of the fetus is indicated via the
white arrow. Figure adapted from Amin et al. [ 25].

However, this is not the complete story. The emitted RF signal by hydrogen nuclear spins
occurs via free induction decay (FID), where the signal decays exponentially over time. This
rapid decay is a result of not only spin-spin interaction but also due to inhomogeneous mag-
netic fields. This causes the hydrogen nuclear spins to precess at different angular frequen-
cies, causing them to dephase in the transverse plane, leading to a faster decay in transverse
magnetization. The decay due to a combination of both spin-spin interactions and magnetic
field inhomogeneities is referred to as 7'y dephasing effects. To combat 77 dephasing effects,
by introducing different RF-pulse sequences, the spins can have their phase coherence re-
established. Examples include the Hahn-Echo sequence (Figure 8(a)), which can cancel out
effects due to magnetic field inhomogeneities, which extend the spin-coherence times. This
significantly reduces the signal decay, thus allowing for an image to be generated with diag-
nostic relevance (Figure 3).
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3 NV-Centre Basics

As previously discussed, NV-centres are point
defects situated near the surface of NDs, where
a nitrogen atom replaces a carbon atom next to
an adjacent carbon vacancy (Figure 1(a)) [ 7].
NV-centres exist in three different charge states,
namely the NV? NV*, and NV~ states. Between
these three different charge states, the NV~ will
be studied as it is the only charged state that is
both paramagnetic and optically active [ 15].

When considering the NV~ charge state!, it
has a trapped electron with three unpaired elec-
trons due to three nearby carbon atoms, along
with an unpaired electron pair from nitrogen
[ 7]. This forms a six-electron configuration,
which can be thought of as two holes in a
completely occupied n = 2 atomic shell. This
gives rise to singlet and triplet states, where its
energy level consists of a ground triplet state,
an excited triplet state, and a metastable state
(Figure 1(b)) [ 7], [ 26]. At By = 0, the ground
triplet state consists of two sublevels, namely
ms = 0 and the m, = =+1, where an energy
difference of 2.9 GHz [ 15]. Likewise, the excited
triplet state consists of m; = 0 and my = £1
sublevels, however, with an energy difference of
1.4 GHz [ 15].

For optical transitions, a green laser of 532
nm may be used, where excitation via the
NV-centres consists of a zero-phonon line at
637 nm [ 7], [ 15]. This corresponds to a direct
transition from the excited triplet state back to
the ground triplet state, resulting in a radiative
red fluorescence emission seen in the diamonds
after excitation [ 26]. A few percent of photons
are emitted via the zero-phonon line, whereas
the presence of phonon sidebands accounts for
most of the NV-centres luminescence (between
ranges of 630-800 nm) [ 15]. The fluorescence
intensity is dependent on the NV-centre’s spin
state, where an excitation from the my; = 0

'From this point on, whenever an NV-centre is brought
up, it will be in context to the NV~ charge state.

state would result in more emitted fluorescence
in comparison to if the NV-centre were to be
excited from the m, = =1 state [ 26]. This
is because the NV-centre undergoes an inter-
system crossing through the metastable state,
which causes a decrease in the observed fluo-
rescence intensity [ 26]. Moreover, microwave
frequencies of 2.9 GHz can be used to excite
the NV-centre from the my; = 0 sublevel to the
ms = =£1 [ 15], [ 26]. This process is achieved
using ODMR experiments by conducting a
microwave sweep (which is supplied via a wire
- Figure 1(c)) [ 26]. Overall, this is an important
quality as it allows various physical quantities
that influence the NV-centre to be detected [ 26].

The spin-dependent optical properties of the
NV-centre allow for useful nanoscale sensing
applications, where its relaxation is primarily
studied. Namely, relaxation time is defined as
the rate of transition between the m; = 0 to
ms; = =1 spins sublevels in the ground state
[ 15]. Experimentally, setups as those seen in
Figure 1(c) involve applying a green laser pulse
which initializes the NV-centre into the m; = 0
state (otherwise known as its bright state) [
]. The laser is then turned off for some time,
otherwise known as its dark time [ 9], [ 15]. In
this period, NV-centre spin state returns to its
thermal equilibrium state, followed by a readout
laser pulse [ 9] which measures the fluorescence
via a detection camera (Figure 1(c)). When the
dark time increases, the fluorescence intensity
will decrease as it is dependent on the spin state
[ 9]. The relaxation time can be determined
using the following equation:

©)

Where I; represents the fluorescence intensity,
and t is the dark time. Using this relation,
the relaxation time can be determined. To
determine the coherence time of the NV-centre,
microwave pulsed ODMR may be applied before
and after the initial and readout laser pulses [

]. Different sequences may be applied, such as
the Ramsey sequence, which follows an initial
and readout 5 microwave pulse, where the time
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between the pulse is its free evolution time [
15], [ 17]. Typically, this sequence is repeated
multiple times, which results in oscillations
(Ramsay fringes) [ 15]. In the case of the Ramsey
sequence, by analysing how the Ramsey fringes
decay with time, one can obtain the 7} dephas-
ing time.

To detect magnetic fields, the condition B,,; # 0
causes a Zeeman splitting, which causes the
lifting of the degeneracy between m; = +1 and
ms = —1 [ 26]. This can be seen in the ODMR
spectrum, wherein the presence of an external
magnetic field, a double minimum, where the
distance between the minima corresponds to
the strength of B.,; [ 15], [ 26]. This splitting
plays an important role in understanding the
impact that environmental magnetic noise has
on the relaxation and coherence times. For
relaxation times, environmental fluctuations
may accelerate spin relaxation, causing shorter
relaxation times. When looking at the coherence
times, magnetic noise may disrupt the phase
evolution of the NV-centre’s spin state, leading
to shorter coherence times.. This method is
particularly useful as it allows for the detection
of magnetic species, such as free radicals.

4 Optimising the Surface
Characteristics of NDs

Scientists often perceive diamonds for their
chemically inert properties, sparking interest in
their use for biomedical applications, for exam-
ple, their presence in coatings for artificial heart
valves, which increases implant lifetime [ 27].
However, in the context of NDs, the surface of
synthetically synthesised NDs may have param-
agnetic defects [ 18] and dangling bonds [ 19],
particularly detrimental to quantum sensing, and
may compromise their biocompatibility. Kim et
al. report that both magnetic and electric noise
influence spin decoherence [ 28], which results
in shorter coherence times. Thus, this review
paper will explore different synthesis techniques
and various surface treatments to reduce the

presence of paramagnetic defects and dangling

bonds.

4.1 Removing Paramagnetic
Defects
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Figure 4: The structural evolution of NDs for both
low-doped and shell-doped NDs as the temperature
is increased. In addition, due to a high nitrogen
concentration, shell-doped particles exhibited pref-
erential re-nucleation on their {111} facets. Figure
adapted from Prooth et al. [ 29].

The creation of NDs started in the USSR during
the 1960s and was made through detonation
techniques [ 8]. This process involved graphite
precursors, which are subjected to a controlled
explosion, where the shock wave pressure
and temperature cause a phase transition to a
diamond structure [ 8], [ 30]. NDs synthesised in
this manner are known to be very cost-effective
and biocompatible [ ¢]. However, these NDs
not only strongly aggregate but also exhibit a
noticeable concentration of both paramagnetic
defects and dangling bonds [ 31]. Making
detonation a less favoured synthesis technique
in terms of better surface quality.



High-pressure, high-temperature annealing
(HPHT) is another technique commonly used
to synthesise NDs, as the name suggests, in-
volves the use of annealing diamonds at high
temperature and high-pressure conditions [ 32],
[ 33]. These diamonds can later be broken down
into NDs via physical or chemical methods.
Unfortunately, this method is known for giving
rise to many paramagnetic defects [ 34].

Another method for growing NDs is chem-
ical vapour deposition (CVD), which is shown
to reduce paramagnetic effects significantly [

]. This method is primarily used for growing
bulk diamonds. However, in 2023, Prooth et al.
were able to synthesise NDs of roughly 60 nm [

]. This paper discusses a bottom-up approach,
involving the use of carbon precursors to grow
NDs via CVD between temperatures of 750°C
and 900°C. Two sets of NDs were synthesised,
NDs with low nitrogen doping and NDs with
shell-doped nitrogen layer (Figure 4). Prooth et
al. were able to show a significant increase in
relaxation times using CVD in comparison to
HPHT methods, however, the coherence time
of the NDs did not show such improvement [

]. This discrepancy is reported to be due to the
formation of substitutional nitrogen (otherwise
known as P1 centres), which are paramagnetic
defects.

Findings from Prooth et al. do not match
original predictions, as the CVD approach
was supposed to mitigate such defects. This
discrepancy can be explained by comparing
the fabrication techniques of Prooth et al. and
Trusheim et al.. The paper by Trusheim et al.
reported a sharp increase in coherence times,
reaching up to 210 s [ 34]. This paper followed a
top-down fabrication process where reactive ion
etching was used on a high-purity CVD-grown
diamond to produce NDs. The significant im-
provements in coherence times were attributed
to the low nitrogen content, which reduced the
number of paramagnetic defects and allowed for
greater average spacing between NV-centres.

HPHTND T,=528+0.87 ps
A CVD ND1 T,=2.05+0.110 ps
CVD ND2 T,=19.28+591ps

Normalised Intensity

Time [ps]

Figure 5: Coherence lifetime of two CVD-grown
NDs and one HPHT-grown ND. The pulse sequence
used in this study was a Hahn Echo sequence for
all NDs. Figure adapted from Prooth et al. in the
supplementary information. [ 29].

As mentioned, Prooth et al. follows a bottom-up
fabrication approach where the shell-doped NDs
had very high nitrogen concentrations, which
may have contributed to P1 centres, thus lead-
ing to less improved coherence times [ 29]. How-
ever, in the supplementary information, the sec-
ond group of CVD-grown NDs (737%™ Feho)
19.28 4+ 5.91 us) outperforms the HPHT NDs
(THahn Echo) _ 598 1+ 0.87 ps) (Figure 5). Still,
it does not exhibit the sudden increases seen in
Trusheim et al.. Through comparative analysis,
Prooth et al. may not have seen significant im-
provement due to the high nitrogen concentra-
tions used for the shell doping situation. This fa-
cilitates the paramagnetic defects, specifically, P1
centres, to form, and causes the formation of NV-
centres at closer proximity to one another, dimin-
ishing their spin-coherence characteristics.

4.2 Suppressing Presence of
Dangling Bonds

As mentioned, magnetic noise and electric noise
may lead to spin decoherence; however, electric
noise may sometimes even dominate over
magnetic noise [ 28]. Unsatisfied carbon bonds,
otherwise known as dangling bonds, may be
located on the surface of NDs and can generate



electric noise, thus diminishing the NV-centres
spin-coherence times [ 31]. In addition, dangling
bonds can cause NDs to be chemically unstable,
thus compromising their biocompatibility [ 35].
Surface termination is a processing step used to
enhance the outermost layer of NDs, which may
satisfy unpaired carbon bonds [ 36]. This review
focuses specifically on hydrogen and oxygen
surface termination. Other methods, such as
fluorine termination, are also studied, but these
alternatives may disrupt the biocompatibility of
NDs [ 37]. In addition, this review will explore
a recent etching technique used to reduce the
presence of dangling bonds.
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Figure 6: Plots of the imaginary component

of impedance against the real component of
impedance for NDs using impedance spectroscopy.
(a) Detonated NDs with no hydrogen treatment. (b)
Detonated NDs that have hydrogen termination at
room temperature. Figure adapted from Su et al. [

1

Hydrogen termination (HT) is a type of surface

termination technique where hydrogen atoms
(H) saturate dangling bonds present on the sur-
face of NDs. Su et al. investigated the difference
in conductivity between untreated NDs and the
HT-NDs, both of which had shallow NV-centres
[ 38]. This was done by using commercially
available detonated nanodiamond powders
(SIGMA-Aldrich Corp.) that were H-terminated
via microwave plasma-enhanced CVD. These
powders were sandwiched between two copper
plates, one of which was polished and had been
electroplated by using high-purity nickel. Using
this setup, impedance spectroscopy (IS) was
conducted, which measured the electric and di-
electric properties of the H-terminated powder.
IS measurements involve finding the real and
imaginary impedance of a sample, which can be
expressed in the following equation:

Zw)=2 +3i7". (4)
Z(w) is total impedance as a function of angular
frequency w. In addition, Z' represents the com-
ponent of the real impedance and Z" represents
the component of the imaginary impedance. The
findings show that NDs that are untreated exhib-
ited a resistance four magnitudes greater (Figure
6(a)) in comparison to the hydrogen-terminated
NDs. The improved conductivity of the NDs after
HT indicates a significant reduction of dangling
bonds, as they can trap charge carriers, thus
preventing smooth conduction [ 20]. Therefore,
the lack of dangling bonds suggests fewer charge
fluctuations, which reduces electric noise that
may cause spin decoherence.

While HT may improve the conductive prop-
erties of NDs, it was reported by Hauf et al
that HT benefits the formation of NV° cen-
tres (as opposed to the desired NV~ centres),
this is because HT contributes to a negative
electron affinity [ 39]. Additionally, excessive
conduction of the NDs can lead to side effects
such as unwanted interactions with biological
surroundings due to heat generation on the
surface. Oxygen-termination (OT) is another
method where oxygen atoms (O) are employed
and is found to assist the formation NV~ centres,
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due to OT promoting positive electron affinity
as per Hauf et al. [ 39]. Additionally, it favours a
hydrophilic surface, ensuring better interactions
within biological fluids, whereas HT tends to
render the surface hydrophobic [ 36]. However,
NDs that undergo OT do not passivate dangling
bonds as effectively as NDs that undergo HT [

]. HT passivates dangling bonds by forming
C-H bonds, which fully satisfy the valency
of carbon and render the surface chemically
inert. In the case of OT, various functional
groups forming, such as =0, —C—0—C, can
be due to oxygen’s high chemical reactivity.
Thus, oxygen introduces a mixture of surface
states which affect the chemical stability of NDs
and prevent complete passivation of dangling
bonds. To address the issues that hydrogen
and oxygen termination have, a combination of
both methods allows for tunable and desirable
characteristics [ 40].

The recent paper by Sun et al. was able to
simulate the deposition of O and H atoms
at a ratio of 2:1 and was able to saturate all
dangling bonds as it had a surface coverage of
greater than or equal to 1 [ 40]. In addition,
the paper finds that a combination of HT, OT,
and hydroxyl-termination promotes a positive
electron affinity in NDs, which favours NV~
centres. Furthermore, this specific combination
of different terminations was found to prevent
unwanted surface states from forming and mini-
mize spin noise, thus maintaining the NV-centre
stability. The effects on spin-coherence were not
reported, however, the reduction in spin noise
and dangling bonds would suggest significant
coherence time performance.

Previously, synthesis techniques for NDs,
such as CVD [ 29], were discussed. Another
common method to synthesis nanodiamonds
is through ball milling, which involves using
rotations/vibrations of hard balls to crush the
sample into NDs [ 8]. A result of this is the pres-
ence of dangling bonds due to intense collision
and grinding. Where surface treatments such
near-field etching [ 41] can be employed for

surface modification.

Research conducted by Brandenburg et al
showed a 25% increase in spin-coherence times
when using near-field etching on NDs of ap-
proximately 200 nm with single NV-centres,
compared to non-etched NDs [ 41]. Specifically,
a helium-cadmium (He-Cd) laser with a wave-
length of 325 nm was used to irradiate NDs,
which were dispersed on a silicon substrate, with
oxygen molecules as an etching source. During
this procedure, the size of the NDs were changed,
and so were their surface properties. The find-
ings show that NDs that have an etching time of
up to 60 minutes, showcased an increase in co-
herence time from initially 77" ") ~ 1600
ns up to 7,7 Feho) 2000 ns (Figure 7).
A significant increase of 25%, however, the
coherence time was seen to drop after an hour,
where the coherence time dropped to almost
1200 ns after 225 minutes of etching.

2200

2000 | +

1800 +

1600 + +

1400 + + + +

-25 6 55 56 %5 160 125 150 1%5 260 225
Etching time (min)

1200 +

T, coherence time (ns)

1000

Figure 7: Coherence time against near-field etch-
ing time for single NV-centre nanodiamonds. The
pulse sequence used for this experiment was the
Hahn-Echo sequence. Figure adapted from Bran-
denburg etal. [ 41].

Brandenburg et al. determined that during the
first hour, the presence of dangling bonds and
unwanted terminated groups was expelled [ 41].
However, over-etching was seen to create newly
emerging dangling bonds and oxygen molecules
being adsorbed on the surface of the NDs.
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which follow different phase shifts. Figures were inspired from [ 42] and [ 17].

5 Pulse Sequences

In this review paper, different synthesis and
treatment protocols have been discussed to
improve the spin-coherence times of NDs.
Another method which can be employed is
altering the microwave pulse sequence used,
however, NV-centres located near the surface
of NDs have a randomly orientated axis. Thus,
performing ODMR measurements is difficult [
1]. Additionally, the standard Ramsey sequence
5 — 5 MW-pulses) suffers from 73 dephasing
effects [ 17], thus returns the 75 dephasing time.
Furthermore, biological systems are inherently
noisy as factors such as thermal noise, biological
magnetic noise, and motion-induced noise affect
the coherence times of the NV-centres [ 9], [
10]. Hence, more advanced pulse sequences

are employed to combat both issues above and
enhance the coherence times. This section
discusses the Hahn-Echo (HE) sequence, the
Carr-Purcell-Meiboom-Gill (CPMG) sequence,
the XY8-4 sequence, and the Knill Dynamical
Decoupling (KDD) sequence.

Erwin Hahn demonstrated the Hahn-Echo
pulse sequence (Figure 8(a)) to combat spin-
dephasing effects by the use of a 7 MW-pulse,
which inverts electron spins and causes phase
noises in the first and second 7 to cancel one
another along a single axis [ 42]. This extends
the spin-coherence by using these refocusing
pulses. In 2023, March et al. synthesised ball-
milled NDs of 100 nm in diameter with single
NV-centres. Five batches of NDs were produced,
and the Ramsey sequence gave a mean value

12



of Ty = 1.35 £ 0.20 us [ 17]. When using the

HE-sequence, a value TQ(HE) = 25.8 + 5.2 us
was measured. These findings are consistent
with older studies such as work by Liu et al
in 2014, who used commercially available NDs
ranging from 10 to 100 nm [ 43]. The Ramsey
sequence reported a value of 73 = 0.703 us and
the HE-sequence reported 7: Q(HE) =5.100 ps. The
HE-sequence effectively mitigates dephasing,
as shown by increased spin-coherence lifetimes
in both studies. However, the HE-sequence
is vulnerable to dynamic fluctuations in the
environment, such as those seen in biological
environments, where it is constantly changing [

].

N =50
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Figure 9: Evolution of the CPMG sequence as the

number of pulses increases. At 50 pulses, TQ(CPMG)

= 28.3 ps. With 200 pulses, TSC ™M) = 52.8 us, and
at 400 pulses, TQ(CPMG) = 77.5 us. Figure adapted
from Oshimi et al. [ 44].

The CPMG-sequence (Figure 8(b)) was named
after Carr, Purcell, Meiboom, and Gill, who
invented it as an extension of the HE-sequence
[ 45]. This method is more resilient to en-

in spin-lifetime of T: Q(CPMG) = 28.3 us, whereas

when the HE-sequence was used, the measure-
ment reported TQ(HE) = 1.7 ps. Additionally,
the CPMG-sequence coherence times depended
on how many cycles the CPMG-sequence went
through (Figure 9). Where at n = 400, the co-
herence times increased up to Tz(CPMG) =77.5 us.
Results from Oshimi et al. align with previ-
ous studies, such as that of Andrich et al. in 2014
[ 44], [ 46]. This paper reported values of 7: Q(HE)
= 360 ps and T2(CPMG) = 710 ps, though the n
value was not specified. Andrich et al. used
diamonds grown via plasma-enhanced CVD,
with electron beam lithography later creating
cylindrical NDs [ 46]. Both findings confirm the
superiority of the CPMG sequence over the HE
sequence, which is consistent with theoretical
reasoning. This suggests that the CPMG se-
quence is particularly effective in maintaining
long coherence, which is crucial in biological
environments where noise is continuously and
variably present.

CPMG
« XY8

Concat. XY8 &

d ’?T
t

100

o
®

Spin Coherence Time (ps)
S

1 10 1000

Number of Pulses

Figure 10: Experimental results of various pulse
sequences. Namely, the sequences compare the
CPMG, XY8-N, the Concat. XY8-N sequence (a
sequence with multiple layers of the XY8-N se-
quence), and the KDD-sequence. Figure adapted

vironmental noise due to the inclusion of from Farfurnik et al. [ 47].

multiple 7-MW pulses along the y-axis, thus
enhancing spin-coherence. In 2024, Oshimi
et al. showcased NDs synthesised via a top-
down approach where single-crystalline bulk
diamonds produced via HPHT were ground to
sizes of around 80 nm [ 44]. The measurements
from the CPMG-sequence at n = 50, resulted

While the CPMG-sequence extends the spin-
coherence despite being in noisy environments,
it is affected by imperfections in the control
pulse (pulse errors). The XY8-N sequence (Figure
8(c)), reported by Gullion et al., was developed
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to address this and is described to extend the
CPMG-sequence [ 45]. This sequence includes
periodic 7-MW pulses on the z and y axes,
minimising pulse errors. Recent comparative
studies of the CPMG and XY8-N pulse sequences
have been focused on bulk diamonds since
2015 [ 47]. These studies focus on shallow
NV-centres in bulk diamonds, effectively illus-
trating how NDs with near-surface NV-centres
might perform. However, bulk diamonds with
deep NV-centres would not provide the most
accurate representation, as environmental noise
is significantly reduced. Thus, deep NV-centres
in bulk diamonds would have significantly better
spin-coherence properties in comparison to NDs.

The findings of Farfurnik et al.  conducted
work on bulk diamonds with shallow NV-
centres present intriguing findings about pulse
sequences [ 47]. They find the coherence times of
CPMG and XYn-N sequence progress similarly
with increasing n and N values (Figure 10). The
XYn-N sequence was originally expected to out-
perform the CPMG-sequence; this discrepancy
can be explained by the low temperature setting
at 77 K, which decreases electron-phonon inter-
actions [ 48]. Electron-phonon interactions are
another source of noise which may cause pulse
errors that the XYn-N sequence can mitigate, but
the CPMG-sequence may not [ 48], [ 23]. The
decrease in electron-phonon interactions may
result in fewer experienced pulse errors, negat-
ing the advantages the XY8-sequence typically
holds over the CPMG-sequence. Consequently,
the CPMG-sequence performs equally well with
the XY8-sequence in these conditions. This may
be further supported by the findings of Wang
et al. which compared the CPMG-sequence and
XY8-N sequence at room temperature.
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Figure 11: Investigation of fidelity (a measure of
the degree of similarity between the expected spin
state and the actual outcome, where 1 is identical
states and 0 completely different [ 49]) as a func-
tion of total evolution time for different pulse se-
quences. (a) Analysis of different sequences where
the XY family dominates, UDD refers to the Uhrig
Dynamic Decoupling sequence, and QDD refers to
the Quadratic Dynamic Decoupling sequence. (b)
Fidelity of the CPMG-sequence, where the simula-
tion (dotted line plot) and experimental results (in-
dividually plotted points) are plotted for spin states
in the x and y direction, Sy (red colour) and Sy (blue
colour) respectively. Figure adapted from Wang et

al. [ 50].

In 2012, Wang et al. studied bulk diamonds
at room temperature. Their findings provide
valuable insights comparing the CPMG and
XY8-N sequences [ 50]. Wang et al. finds that
the decoupling fidelity (a measure of the degree
of similarity between the expected spin state and
the actual outcome [ 49]) of the CPMG-sequence
decays faster than the XY8-N sequence, drop-
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ping to a fidelity value of 0 between 25 to 30
ps (Figure 11(a)) [ 50]. In contrast, the XY8-N
sequence extends past 35 ps at N = 6 (Figure
11(b)). The XY8-N sequence excels by effec-
tively suppressing accumulated pulse errors at
room temperature. However, formal literature
supporting the claim of the XY8-N sequence
mitigating electron-phonon interactions could
not be found, but it creates the need for further
research to understand these sequences more.
Studies comparing the XY8-N and the CPMG
sequence have been outdated, possibly due to
the rise of more complex pulse sequences, such
as composite pulse sequences, which will be
discussed.

Composite pulse sequences offer an alter-
native approach to previously mentioned
sequences and are primarily attractive for their
ability to reduce off-resonance errors [ 42].
These sequences deliver MW pulses at carefully
chosen phase angles (¢) representing the angle
between the x and y axes. An example of such
a sequence is the KDD-sequence, a method
primarily targeted at quantum computing and
quantum memory as per Souza et al.. Literature
using this sequence on NDs could not be found,
however, the potential and its characteristics are
fascinating [ 51]. It consists of a cyclic series
of composite m-pulses with a phase shift of
¢ = +% [ 51] (Figure 8(d)), which is often de-
scribed to be one of the more complex sequences.

Simulation work in a separate paper by Souza
et al. (Figure 12) shows the performance of
the CPMG-sequence, XY-4 (N=8) sequence, and
the KDD-sequence [ 51]. To conclude each se-
quence performance, the number of oscillations
that occur for each sequence when changing
the flip angle error (Af) can be studied. The
CPMG-sequence is the most susceptible as its
fidelity is seen to dramatically change when
even under small amounts of Af. It was found
that the CPMG-sequence fidelity drops below
95% at Af ~ 2%. The XY8-4 sequence performs
better than the CPMG-sequence, where the

Fidelity

20
Flip Angle Error (%)

-20 0

Figure 12: Simulation results comparing the fi-
delity as a function of flip angle error (the angle
difference between the intended angle and actual
angle for a given spin state) for the CPMG, XY-4,
and KDD-sequences. Figure obtained from Souza
etal [51].

distance between crests is greater, implying the
XY8-N sequence is more resilient to flip angle
errors. This is further shown by its fidelity
dropping below 95% at A ~ 10%. However, the
performance of the KDD sequence outperforms
them both, where its fidelity drops below 95%
with Af ~ 30%. The flip angle error is an
important error consideration, as the stochastic
environment of biological media can cause the
angles of intended spin states to deviate by very
noticeable amounts.

Returning to the paper by Farfurnik et al,
the KDD-sequence in Figure 10 is seen to reduce
over the increasing number of pulses [ 47]. The
KDD-sequence, while robust against flip angle
errors, was susceptible to phase errors due to
its phase differences between immediate pulses
going as low as Z. Thus, causing a decrease in
coherence time. This can be mitigated through
pulse calibration techniques, however, tailored
methods for the KDD-sequence need to be
further studied. Overall, the KDD-sequence
shows potential use in quantum sensing due
to its resilience against flip angle errors, along
with off-resonance errors as well; however,
phase errors reduce the spin-coherence but
can be resolved through methods such as pulse
calibration.
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6 Summary

This review article aimed to investigate the
various methods to improve the coherence times
of NDs for free radical detection. Currently,
researchers who use NDs with near-surface
NV-centres for quantum sensing in medicine
take advantage of NV-centres relaxation times.
This is because the NV-centres relaxation time
does not decay as rapidly as their spin-coherence
times. A major source of decoherence properties
arises from poor surface characteristics in NDs,
namely due to the presence of paramagnetic
defects and dangling bonds. Additionally, the
coherence times depend on the type of pulse se-
quence delivered, and thus, various sequencing
methods were investigated.

In terms of reducing the presence of para-
magnetic defects on the surface of NDs, the
synthesis technique using CVD seems to be
the most promising method with the least
amount of paramagnetic effects compared to
detonation and HPHT techniques [ 34], [ 31].
This is true for low nitrogen concentrations
as a comparative analysis between Prooth et
al. showcased high P1 centre formations when
using high nitrogen contents, which did not
cause a sharp rise in spin-coherence time [ 29]
as compared with studies by Trushiem et al. [ 34].

In addition to reducing the presence of para-
magnetic defects, processing steps aimed at
removing dangling bonds were investigated.
While literature may discuss other techniques,
such as fluorine termination, these methods may
not preserve the biocompatibility characteristics
that hydrogen and oxygen termination aid with
[ 37]. Simulation results showed that a combi-
nation of hydrogen and oxygen termination can
successfully saturate dangling bonds present on
the surface of NDs [ 40]. It is recommended to
use a combination of the two methods as OT
does not passivate dangling bonds as well as
HT, however, OT does favour the formation of
the desired NV~ centres, whereas HT favours
the formation of NVY centres. Simulation results

also find surface termination techniques involve
a combination of H-, O-, and hydroxyl termina-
tion, which was found to favour NV~ centres
and minimise surface states and spin noise [

]. In addition, literature by Brandenburg et
al. was studied for using near-field etching to
treat NDs. Studies showed a 25% increase in the
spin coherence time at 60 minutes. However, the
spin-coherence time decreased after 60 minutes
due to newly emerging dangling bonds as a
result of over-etching.

Through comparative analysis of the afore-
mentioned pulse sequence, the CPMG-sequence
may be the most suitable pulse sequence due
to its extensive studies, and outperforms the
HE-sequence (an already well-established pulse

sequence). Recent studies in 2024 from Os-
himi et al. show that HE-sequence reports
T Q(HE) = 1.7 us, the CPMG-sequence reports

TQ(CPMG) = 77.5 ps at n = 400, proving the

CPMG-sequence’s dominance [ 44]. While the
XY8-N sequence is often referred to as an exten-
sion of the CPMG-sequence, literature findings
by Farfurnik et al. show the CPMG-sequence
performing on par with the XY8-N sequence [

]. This discrepancy may be explained by the
lack of electron-phonon interactions, as this
study was conducted at a temperature of 77 K.
The XY8-N sequence is may have been able to
mitigate such effects as, works by Wang et al.
at room temperature suggest that the XY8-N
sequence may outperform the CPMG-sequence
as its fidelity was held longer (passing 35 us)
in comparison to the CPMG-sequence, which
drops to a value of 0 between 25-30 us. However,
additional studies must be conducted to confirm
this hypothesis.

Literature findings conducting a compara-
tive analysis between the CPMG-sequence
and the XY8-N sequence may have been out-
dated due to more advanced pulse sequences.
Namely, composite sequences, such as the
KDD-sequence. This sequence was developed
for quantum computing and memorys; literature
findings in the context of NDs could not be
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found. However, the simulation findings by
Souza et al. showed that the KDD sequence mit-
igated flip angle errors significantly noticeably
better than the CPMG and the XY8-N sequence,
in addition to being able to reduce off-resonance
errors as well. However, findings from Farfurnik
et al. showed the KDD-sequence was susceptible
to phase errors, and phase correction techniques
must be investigated for this sequence [ 47].

7 Outlook

This review paper delved into different methods
of synthesis techniques, surface treatment
methods, and pulse sequences to enhance the
coherence times of NDs with near-surface
NV-centres. I believe a combination of these
methods may allow for the spin-coherence
time to be a parameter used to investigate the
presence of free radicals. Examples may include
using a combination of CVD-grown NDs with
low nitrogen concentrations that are O- and
H-terminated with a CPMG-sequence. Other
examples may include researching with more
emerging pulse sequences, such as the composite
pulse sequence; the KDD-sequence.

However, there is room for more improve-
ment in optimising the spin-coherence time.
Prooth et al. used a top-down approach to grow
NDs based on CVD, whereas Trusheim et al.
employed a bottom-up approach to produce NDs
through CVD [ 29], [ 34]. I believe it is worth
exploring which method, between the top-down
and bottom-up approach, ensures better shape
and control of when growing NDs through
CVD. Better shape and control reduce overall
surface roughness and reduce the occurrence of
trapped charges, for example. Additionally, the
effects that some techniques may have on other
techniques must be studied beforehand. Namely,
the effects that near-field etching will have on
NDs that have either been O- and H-terminated
or O-, H-, and hydroxyl-terminated. In addition,
research investigating the use of composite
sequences such as the KDD-sequence in the

context of NDs is a question to be addressed, and
its performance compared to sequences such as
the CPMG and XY8-N sequence.

From my analysis, results in optimising the
surface characteristics of NDs have been im-
proving over time, where improvements in
various synthesis techniques and processing
methods have been made [ 1], [ 8], [ 26]. An
ongoing issue that needs to be addressed is the
reusability of NDs after their use in biological
environments, as they are often disposed of after
one use [ 9]. This is not only expensive long
term but also unsustainable. To address this
issue, research into different kinds of cleaning
methods must be conducted. This is important
when considering NDs with enhanced coher-
ence properties, as fabricating these NDs is more
expensive; thus, having reusable NDs is a factor
to consider.

Overall, the current ongoing research in pulse
sequences for NV-centres is primarily focused
on bulk diamonds for quantum computing and
quantum memory applications. However, the
progress of quantum sensing in medicine has
been on the rise; for example, in 2025, a UMCG
spin-off company named QTSense? received a
sum of €6 million® to advance studies indicating
the potential of quantum sensors. I believe over
the coming years, more research output on NDs
and specifically, using them in medicine, will be
on the rise.

The intertwining between nanoscience and
medicine has been steadily rising in recent
years. The presence of quantum dots is currently
in clinical trials for tumour imaging [ 52],
in nanomedicine, where lipid nanoparticles
were used as mRNA carriers for the COVID-19
vaccinations by Pfizer-BioNTech [ 53]. The use
of quantum sensors has impacted the medical

*https://www.qtsense.com

Shttps://www.eu-startups.com/2025/02/qt-sense-
raises-e6-million-to-understand-diseases-at-a-single-cell-
level-with-quantum-sensing/
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field. An article * at the RUG was published
last year discussing an early sepsis diagnosis
linked with free radicals. I believe the amount
of potential and funding going into the use of
quantum sensors within medicine is increasing,
and issues, as previously mentioned, can be
mitigated to bring nanoscience much closer to
patient care.

8 Personal Note

On a personal note, as I am working within
the Department of Surgery and the Department
of Nuclear Medicine and Molecular Imaging at
the UMCG, I am usually in close contact with
medical doctors/physicians or soon-to-be medi-
cal doctors. Their excitement when I tell them
about NDs with near-surface NV-centres is as-
tonishing. Some have talked about how they
could be incorporated into studying oxidative
stress within the Department of Experimental
Cardiology. Others have talked about how it
could be used to monitor free radicals of patients
in the surgical theatre during organ transplants.
The opportunities these quantum sensors have
are immense.
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