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The negatively charged nitrogen-vacancy center (NVC) in diamond has been utilized in a wide variety
of sensing applications. The long spin coherence and relaxation times (75, 7> and 7) of the center at
room temperature are crucial to this, as they often limit sensitivity. Using NVCs in nanodiamonds allows
for operations in environments inaccessible to bulk diamond, such as intracellular sensing. We report
long spin coherence and relaxation times at room temperature for single NVCs in isotopically purified
polycrystalline ball-milled nanodiamonds. Using a spin-locking pulse sequence, we observe spin coher-
ence times, 7>, up to 786 £ 200 ps. We also measure 75 times up to 2.06 & 0.24 s and T; times up to
4.32 £ 0.60 ms. These results represent improvements on the leading literature values for 7, and 7 times
in nano- and microdiamond and for 77 times in nanodiamond. Scanning-electron-microscopy and atomic
force microscopy measurements show that the diamond containing the NVC with the longest 7' time is
smaller than 100 nm. EPR measurements give an N? concentration of 0.15 & 0.02 parts per million for the

nanodiamond sample.

DOL: 10.1103/PhysRevApplied.20.044045

I. INTRODUCTION

The N-V~ center (NVC) has proven to be an effec-
tive tool in the fields of magnetometry [1—4], thermometry
[5-8], electrometry [9—11], and radio-frequency (rf) field
sensing [12,13], amongst other sensing applications. Key
properties of the electronic spin-1 system that make it
favorable for sensing include optical spin readout, opti-
cal initialization into the m, = 0 state, and long spin
coherence and relaxation times [14]. Furthermore, as nan-
odiamonds containing NVCs are biocompatible [15], they
show promise for biosensing, including intracellular imag-
ing and sensing techniques [6,16—20].

Of the various sensing methods that the NVC has been
applied to, many are limited by one (or more) of the
spin-relaxation times of the center: the inhomogeneous
relaxation time, 75, the spin coherence time, 7>, and the

* . .
james.march@warwick.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/23/20(4)/044045(11)

044045-1

longitudinal relaxation time, 7. For example, 75 can limit
the sensitivities of thermometry [21] and dc magnetometry
[1,22], whereas T} limits the 7' relaxometry-measurement
sensitivity [23,24]. T3 is not only a key parameter in many
sensing schemes [1,22,25,26] but also in the proposed use
of nanodiamonds containing a single NVC for tests of
fundamental physics [27-30].

The spin coherence time of the NVC is heavily depen-
dent on its host material. At room temperature, 7; can be
up to 12 ms in bulk diamond [31]. 7, = 730 ps, obtained
with a Hahn-echo sequence, has been observed for a sin-
gle center at room temperature in bulk CVD diamond with
natural '*C abundance [32]. This has been extended to
T, = 2.4 ms using dynamical decoupling [32], whereas
T, = 1.8 ms has been measured for a single NVC using a
Hahn-echo sequence in isotopically purified ultrapure bulk
CVD diamond [33].

Spin coherence and relaxation times in nanodiamond
have so far been measured to be significantly shorter. This
is thought to be due to interaction with spins on the surface
of the nanodiamond, as well as the typically higher nitro-
gen concentration found in nanodiamond [34—38]. Charge
fluctuations on the surface of the diamond have also been
shown to affect the coherence times of near-surface NVCs,
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a single-crystal sample, grown for NVC magnetometry.
The material from the edges of the plate, however, was
polycrystalline. The sample was not irradiated or annealed.

Measurements on the single NVCs were carried out
on a home-built room-temperature confocal fluorescence
microscope (CFM) running the QUDI software [53]. The
nanodiamonds were deposited onto an xn-type silicon wafer
with a coordinate system etched into the surface [46]. The
coordinate system allowed a specific nanodiamond, inves-
tigated on the CFM, to be located using scanning electron
microscopy (SEM), in order to measure its dimensions. To
deposit the nanodiamonds onto the surface of the wafer,
a suspension of nanodiamonds in methanol was sonicated
for 30 min before being sprayed into a vial through a neb-
ulizer. The vial, now containing a cloud of nanodiamonds,
was upturned over the wafer, allowing the nanodiamonds
to fall onto the surface of the silicon. This method was
found to give a reasonably even coverage of nanodiamonds
across the surface of the wafer.

Microwaves, generated with a Keysight N5172B, were
delivered to the NVC via a 20-um diameter wire, brought
within roughly 20 wm of the respective nanodiamond.
Only nanodiamonds containing a single NVC were inves-
tigated. NVCs were confirmed to be a single center via
Hanbury Brown and Twiss (HBT) experiments, where the
second-order correlation function, g'® (0), was below 0.5
in each case [54].

A static magnetic field was applied to the center via a
neodymium magnet, positioned such that the direction of
the magnetic field was aligned with the nitrogen-vacancy
axis. Mounting the magnet on a servo-controlled robotic
arm allowed for precise control of the position and orien-
tation of the magnet with respect to the nanodiamond. The
field was chosen so that the energy gap between the m; = 0
and my; = —1 sublevels was approximately 2 GHz. This
frequency was measured using continuous-wave optically
detected magnetic resonance (ODMR) and corresponds to
a magnetic field component parallel to the N-J axis, By, of
31 mT at the NVC.

In a sample where 54 fluorescent sites were examined
on the confocal microscope, 16 were confirmed to be sin-
gle NVCs via HBT experiments. As single NVCs were
the subject of this study, there was some selection bias in
avoiding particularly bright spots that were likely to con-
tain large numbers of NVCs. It is not known how many
nanodiamonds contained zero NVCs, as they do not fluo-
resce. The centers showed high levels of charge stability,
with very few displaying charge-state switching. As this
was a nanodiamond sample, the N-J axis can lie in any
orientation. However, the robotic arm used for aligning
the magnet to the N-J axis has a relatively limited range
of motion. Therefore, the specific NVCs selected for spin
coherence and relaxation-time measurements were chosen
because their N-J axis was in an orientation accessible to
our magnetic field.

Five NVCs in five different nanodiamonds were fully
characterized in this study. 7, was measured for each
nanodiamond, as well as three measurements of 75 using
Hahn-echo, XY8-4, and spin-locking pulse sequences. T
was also measured for each NVC. The pulse sequences
used to perform the measurements are displayed in Fig. 1.

All of the pulse sequences displayed in Fig. 1 begin and
end with a 532-nm laser pulse. These are the initialization
(into the my, = 0 state) and readout pulses, respectively.
Figure 1(a) shows a Ramsey scheme, used to measure the
inhomogeneous dephasing time, 75, of the NVC. The T,
of a single NVC is primarily governed by slowly varying
magnetic and electric fields as well as strain and temper-
ature fluctuations [22]. The Hahn-echo sequence, shown
in Fig. 1(b), largely negates these dephasing mechanisms.
The m pulse inverts the precession of the spin and so phase
accumulated during the first wait period t is cancelled in
the second [22]. This is provided that the time scale on
which the noise varies is long compared to t. The resulting
decay constant, 7,, is dominated by magnetic interaction
with proximate spins.

In Fig. 1(c), which shows the XY8 sequence, additional
refocusing 7 pulses mitigate the dephasing effects of mag-
netic noise fluctuating on shorter time scales [55]. The
phase switching and time symmetry of the sequence means
that the scheme is more resistant to errors in pulse length
than, e.g., a Carr-Purcell-Meiboom-Gill (CPMG) sequence
[56,57].

Figure 1(d) shows a spin-locking pulse sequence. Also
referred to as 71, (7} in the rotating frame), it is consid-
ered to be the upper limit of 7, that can be measured by
a dynamical decoupling sequence, for a given microwave
power [31,58]. After initialization into the m; = 0O state,
a (w/2), pulse places the spin of the NVC into an equal
superposition of m, = 0 and m; = 1. A long microwave
pulse, phase shifted by 90° to the (r/2), pulse, continu-
ously drives the spin, keeping it aligned along the y axis
of the Bloch sphere. The spin state is optically read out
following a further /2 pulse. Figure 1(e) shows the T
sequence.

III. RESULTS

Of the five centers in this study, the longest recorded 75,
T», and T} measurements are displayed in Figs. 2(a)-2(c),
respectively. The longest measured 7, was obtained via
the spin-locking pulse sequence. Figure 2(d) shows T3,
T;HE), T;XYS"”, TﬁSL), and T} measurements for each of the
five NVCs. We find that the same NVC (ND3) yields the
longest times for TEHE), 7§XY8'4), and TESL), whereas the
longest recorded 75 and 7| were obtained from two other
centers (ND5 and ND4, respectively). It was found that
spin locking can increase 7> by up to a factor of 5.7 relative
to XY8-4. A sixth single NVC was partially characterized
and was found to have TEHE) = 12.4 £+ 0.5 ps, comparable
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FIG. 1. A schematic of the five different pulse sequences used in this study. The green block at the beginning and end of each

sequence represents the 532-nm laser initialization (INIT.) and readout (RO) pulses, which are identical for each pulse sequence. In
practice, the initialization and read out is performed by the same (single) pulse, as the pulse sequence is repeated many times to build
up the signal-to-noise ratio. The blue and orange blocks represent x and y microwave (MW) pulses, respectively. (a) The Ramsey
sequence, used to measure 7. (b) The Hahn-echo sequence, used to measure 75. (c) An XY8-4 pulse sequence. The section of eight
7 pulses repeats four times before the second 7 /2 pulse is applied. This sequence was used to measure TEXYM). (d) The spin-locking

pulse sequence, used to measure TQSL). (e) The sequence used to measure 7). Phase cycling was used in sequences (a)-d) to reject

common-mode noise.

to ND1, ND2, and ND3. However, due to a combination
of low center fluorescence, low ODMR contrast, and sam-
ple drift, it was not possible to make dynamical decoupling
measurements at the same microwave power that had been
used in measurements on the other five centers or to mea-
sure its 7. No spin measurements were made for any other
NVCs from this nanodiamond sample.

Due to the aforementioned coordinate system on which
the diamonds were deposited, it was possible to locate and
measure the dimensions of ND4 (75 = 1.71 £0.20 s,

TSP =759 £ 100 s and T) = 4.32 4 0.60 ms) using
atomic force microscopy (AFM) and SEM. The long and
short axes of the diamond in the x-y plane were measured
to be 80 & 10 nm and 47 4 10 nm respectively, as shown
in Fig. 3. The height of ND4 was measured, using AFM, to
be 7.8 £ 1.1 nm. Therefore, the maximum distance that the
NVC can be from a surface of the diamond is less than 5
nm. This is comparable to the dimensions of the diamonds
investigated in Ref. [34] and far smaller than those stud-
ied in Ref. [45]. Unfortunately, due to a combination of
surface contamination and nanodiamond agglomeration, it
was not possible to locate any of the other four diamonds
referenced in Fig. 2.

IV. DISCUSSION

We believe that the values of 75 = 2.06 & 0.24 us, Tp =
786 2200 ns and 73 =4.32+ 0.6 ms are the longest

measurements of these three characteristics for an NVC in
nanodiamond. Furthermore, 786 £ 200 s may be longest
T, reported for any electronic spin system in a nanoparti-
cle. Although 75 = 6.42 + 1.05 ps has been reported for
a single NVC in a high-purity fabricated diamond pil-
lar, the diamond was microscale as opposed to nanoscale
[45]. Many sensing applications for NVCs in nanodiamond
require nanodiamonds with diameters of around 100 nm
or less; e.g., those where the diamonds enter cells [59].
As our nanodiamonds were milled rather than etched, we
efficiently created large quantities of nanodiamond, on the
order of 0.1 g. On a similar note, polycrystalline CVD dia-
mond is easier to grow than single crystal, as well as being
cheaper.

Using EPR, the NY concentration of our sample was
measured to be 0.15 4+ 0.02 ppm (parts per million), as
shown in Fig. 4. For this isotopically purified nanodia-
mond sample, substitutional-nitrogen impurities dominate
dephasing due to intrinsic spins [22,60]. It is expected that
the low substitutional-nitrogen concentration of our sam-
ple, along with 'C-isotopic purification, are significant
factors as to why the T and 7, times measured in this work
are longer than observed previously in nanodiamonds of
a similar size. It has been demonstrated that the spins of
either nitrogen or 1*C can dominate 75 and 7>, depending
on their relative concentrations [14,60—63]. In bulk dia-
mond, the expected 75 for an NVC ensemble in a sam-
ple with <50 ppm substitutional-nitrogen and natural *C
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FIG. 2. (a) The Ramsey measurement of the T, coherence time for center ND5 using the pulse sequence shown in Fig. 1(a).
T =2.06 & 0.24 s was extracted from the fit of the form 4 + Be~ /D3, sin(cit + dy) with three frequency components [47].
Phase cycling was used in this measurement to reject common-mode noise and so the plotted signal represents the difference in the
photoluminescence-intensity readout signals of the two basis states, m; = 0 and m; = —1. The signal is normalized such that the high-
est value of the fitted function is equal to 1. (b) The spin-lock measurement of the TESL) coherence time for center ND3 using the pulse

sequence shown in Fig. 1(d). A value of 75 = 786 + 200 j1s was extracted from a fit of the form 4 + Be~ /™ [13]. Phase cycling
was used in this measurement to reject common-mode noise and so the y axis represents the difference in the photoluminescence-
intensity readout signals of the m; = 0 and my; = —1 states, with the maximum measured difference normalized to 1. (c) Measurement
of the T relaxation time for center ND4 using the pulse sequence shown in Fig. 1(e). 7} = 4.32 £ 0.60 ms was extracted from the
exponential fit of the form 4 + Be~(*/TV)_ Phase cycling was not used in this measurement and so the y axis represents the decay of the
measured photoluminescence intensity after initialization into the m; = 0 state, with the maximum measured intensity normalized to
1. (d) A plot showing the measured values of T, T, (obtained through Hahn-echo, XY8-4, and spin-locking pulse sequences) and T
for each of the five NVCs investigated in this study. The mean value for each of the five measured quantities across the five NVCs is
as follows: T% = 1.35 4 0.20 s, 75" =258 £ 5.2 us, 75 = 98.7 + 19 s, T = 494 4 96 s, and T} = 2.77 4 0.64 ms.

abundance, as in Ref. [34], is approximately 0.2—0.3 s
[61]. For an ensemble of NVCs in a bulk sample with
an extremely low nitrogen concentration but a natural '3C
abundance, as in Ref. [47], 7} is limited to approximately
1 s as a result of the '3C nuclear spins [61]. However,
for a bulk sample with a 0.15-ppm substitutional-nitrogen
concentration and '2C-isotopic enrichment, as in this work,
the expected T3 is 4050 s [61]. This suggests that both
isotopic purification and a low substitutional-nitrogen con-
centration are important factors contributing to the long
T; times reported in this work. It also shows that the
T; times that we report are not limited by intrinsic spins
and so are likely limited by surface effects. It has been
demonstrated for NVC ensembles in bulk diamond that
both the substitutional-nitrogen concentration and the *C
concentration are inversely proportional to 75, with nitro-
gen spins typically dominating dephasing [60,62—64]. This

may explain why the TQHE) times reported in this work
are between those reported in Refs. [34,47], given that
the substitutional-nitrogen concentration of our sample
lies between these samples. The substitutional-nitrogen
concentration has also been demonstrated to contribute
significantly to 7 relaxation. The impact on 7; times
can be significant at room temperature, where a decrease
in nitrogen concentration from approximately 50 ppm to
approximately 20 ppm can result in an increase in 7} by
almost a factor of 2 [65]. Therefore, we would expect that
the lower nitrogen concentration is a primary reason as to
why the NVCs in this work have longer 7' times than has
previously been reported in the literature for centers hosted
in nanodiamond.

The magnetic effects of spins, such as dangling bonds,
at the diamond surface are considered to be a significant,
and possibly dominant, factor as to why 75, 7>, and T}
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FIG. 3. (a) An SEM image showing the coordinate system on the surface of the silicon wafer. The system allows specific nanodi-
amonds, known to contain single NVCs from examination on a CFM, to be located using SEM. (b) An SEM image showing the
location of ND4. The NVC contained within the highlighted nanodiamond (ND4) had the following spin coherence and relaxation
times: 75 = 1.71 &£ 0.20 ps, TESL) =759+ 100 ps and 77 = 4.32 £ 0.60 ms. (c) A fluorescence image, taken on a CFM, of the same
area as (b), overlaid on (b). This shows how nanodiamonds containing fluorescent NVCs can be located using both SEM and CFM.
Filters (532-nm notch and 633-nm high-pass) are used on the CFM to optimize for collection of light emitted from the NVC, which has
an optical zero-phonon line at 637 nm [14]. (d) High-magnification images of ND4. The upper image shows the original SEM image,
whereas the lower image has been enhanced in Imagel to allow for easier visualization of its dimensions. The lower image has been
enhanced by using the “equalize histogram” function and then applying a Gaussian blur with o = 1.5. () A high-magnification SEM
image showing the location of ND4. (f) An AFM image of the area shown in (e), overlaid over (e), showing the agreement between
AFM and SEM images of the area. (g) A high-magnification AFM image of ND4. (h) A plot of the height against the position for the
short axis of the diamond in the x-y plane for the AFM image shown in (g). (i) A plot of the height against the position for the long
axis of the diamond in the x-y plane for the AFM image shown in (g). The surface of the silicon is at a height of 11.5 &= 1.1 nm, giving
ND4 a height of 7.8 £ 1.1 nm. (j) A plot of the pixel intensity against the position for the short axis of the diamond in the x-y plane
for an SEM image [shown in (d)]. The length of the short axis is 47 £ 10 nm. (k) A plot of the pixel intensity against the position for
the long axis of the diamond in the x-y plane for an SEM image [as shown in (d)]. The length of the long axis is 80 4+ 10 nm. The
measurements in the x-y plane taken from the SEM images are shorter than those taken from the AFM images, as the AFM images are
the convolution of the shape of the diamond with the shape of the AFM tip.
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are generally shorter in nanodiamond and shallow NVCs
than in bulk diamond [34,35,43,44]. The surface effects in
this work appear to be significant when compared with a
larger diamond of similar substitutional-nitrogen concen-
tration characterized in Ref. [46]. As would be expected,
the NVC with the longest Hahn-echo 75 characterized in
that work (which could be up to approximately 100 nm
from the diamond surface) has superior T;HE) to the NVC
defects characterized in this work (which, for ND4, could
be up to approximately 5 nm from the surface). This is
most likely due to the NVCs in the two works being sig-
nificantly different distances from the diamond surface.
However, by employing a spin-locking pulse sequence, we
believe we have demonstrated the longest spin coherence
time observed for an NVC in nano- or microdiamond.

Due to the proximity of the NVC in ND4 to the nan-
odiamond surface, it is likely that there is a contribution
to decoherence from charge fluctuations at the surface.
Although this has been shown to be a significant source of
decoherence for shallow NVCs when B is similar to this
work [39], it typically only dominates for weaker magnetic
fields [40—42]. Electric field noise can drive relaxation
between the my; = £1 sublevels, which for near-surface
NVCs at low magnetic field can be stronger than the relax-
ation between the m; = 0 and m, = 1 sublevels [41,42].
The conventional 77 measured in this work does not pro-
vide insight into the relaxation dynamics between the m; =
+1 sublevels.

In this study, different NVCs displayed the longest 77,
T,, and T times. This is not necessarily surprising, as dif-
ferent noise sources can dominate the different dephasing
and relaxation processes [31,41,65,66]. With the excep-
tion of the 75 and 7; measurements for ND5 and ND4,
respectively, Fig. 2(d) shows that, in general, the measured
times display a consistent pattern between nanodiamonds.
Despite ND3 producing longer 75 times, the 71 measured
for ND4 was longer than that measured for ND3. How-
ever, the T; measurements for ND3 and ND4 are close and
within error. It has been suggested that 7 is more sen-
sitive to surface spin density than 7,, which could offer
a possible explanation as to why the longest recorded 73
and 7; were measured for centers in different diamonds
[44]. The longest T3 was measured for the NVC contained
within ND5, which had the lowest measured 7, and T
times of the five NVCs. In general, the measurements for
T do not follow the pattern of the rest of the data. This
suggests that the NVCs in different nanodiamonds are sub-
jected to different sources of slowly varying noise (such as
magnetic field fluctuations, electric field fluctuations, and
strain, among others), which are effectively cancelled by
dynamical decoupling, leading to the more uniform pattern
observed for the rest of the data.

As NVC sensing techniques are often limited by one or
more of 77, 7>, and T, as well as how close the NVC can
be brought to the target, making these times long for NVCs

in nanodiamond is favorable for many sensing applications
[22,67,68]. Furthermore, cellular uptake and biocompati-
bility have been demonstrated for nanodiamonds similar in
size to ND4 [69,70] and so such diamonds are favorable for
intracellular sensing techniques [71]. An example is NVC
T, relaxometry, which has shown promise for detecting
free radicals and measuring pH changes in cells, amongst
other things [18,67,72—75]. As the sensitivity is limited by
the 7} and proximity to the diamond surface of the NVCs,
the availability of smaller diamonds hosting NVCs with
longer T offers new opportunities [67,68]. The shortest 7
measured in this study (1.1 &= 0.1 ms) is comparable to the
longest T currently reported in the literature for a single
NVC in nanodiamond (1.25 ms) [34].

V. CONCLUSIONS

We have presented long spin-relaxation and -coherence
times for single NVCs hosted in nanodiamonds. The nan-
odiamonds were ball milled with silicon nitride from
polycrystalline isotopically purified CVD diamond with
an N? concentration of 0.15 £ 0.02 ppm. The long axis,
short axis, and height were measured to be 80 &+ 10 nm,
47 £ 10 nm, and 7.8 & 1.1 nm, respectively, for a partic-
ular diamond hosting an NVC found to have 75 = 1.71 &+

0.20 s, T = 759 £ 100 s, and T} = 4.32 + 0.60 ms.
Small diamonds containing NVCs with good spin coher-
ence properties, which can be produced in large quantities,
are favorable for a wide variety of sensing applications
[18,67,68,72,76,77].
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APPENDIX

Figure 4 displays data from EPR measurements taken on
the nanodiamond sample. The measurements were made
on a 40-mg nanodiamond sample using a Bruker EMX
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FIG. 4. The EPR data for a 40-mg nanodiamond sample. The blue line shows the EPR data. The red and yellow lines show sim-
ulated EPR signals resulting from N? and dangling bonds, respectively. The simulations were done using EASYSPIN [78]. We find
concentrations of 150 = 15 ppb (parts per billion) and 500 = 50 ppb for N? and dangling bonds, respectively.

spectrometer with a Bruker SHQ-E cavity. The modu-
lation frequency and amplitude were 100 kHz and 0.01
mT, respectively. The EASYSPIN software package [78] was
used for the data processing and simulations. The EPR data
were compared against a well-characterized type-1b dia-
mond and the nanodiamond sample used in this study was
found to have an NY concentration of 150 % 15 ppb. The
EPR signal has a line width of 0.011 mT. We attribute the
broad features visible in the spectrum to dangling bonds
on the nanodiamond surface, for which we measure a
concentration of 500 4 50 ppb [79-82].
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