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Abstract

Growing high-purity diamond containing dense negatively charged nitrogen-vacancy (NV’)
centre ensembles is desirable for the development of sensitive quantum sensors that explore
the coherent manipulation of the spin states of this atomic-scale defect. By using N,O as a
dopant, we demonstrate that millimetre-thick single crystals can be grown by Chemical
Vapour Deposition (CVD) with substitutional nitrogen concentrations as high as 26 ppm. With
a high-energy electron irradiation treatment and in-situ annealing, up to 20 % of this nitrogen
can be successfully converted into NV centres leading to densities of almost 5 ppm and to a
crystal displaying pink colouration and appealing optical properties. The longitudinal
relaxation T1 time in such a highly doped diamond is measured to be around 3.5 ms at 300 K
while inhomogeneous dephasing time T,* is estimated to 600 ns. Despite the high NV density,
Electron Spin Resonance lines are resolved with clear hyperfine splitting induced by the
nuclear spin of nitrogen. The dependence of T1 on the orientation of the magnetic field
suggests that relaxation is dominated by NV-NV dipole interactions when no magnetic field is
applied. Such engineered crystals constitute a promising platform for developing future

guantum sensing applications.
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1. Introduction

Solid-state quantum systems that possess long-lived spin and/or optical coherence are
highly desirable for a broad range of applications in quantum technologies (QT), from
guantum networks, to information processing and quantum sensing [1]. Among them, the
negatively-charged nitrogen-vacancy centre (NV') in diamond is arguably one of the most
promising and studied systems due to its outstanding optical and spin properties [2]. It exhibits
a stable photoluminescence (PL) emission with a zero-phonon line at 637 nm, and provides a
spin triplet ground level (S=1) which can be initialized by optical pumping, coherently
manipulated with a long coherence time (up to a few ms) through microwave excitation, and
readout by pure optical means. Room-temperature optically detected Electron Spin
Resonance (ESR) is indeed a key feature of the NV centre. Its spin-dependent PL has been
exploited to design new generations of magnetometers that combine extreme spatial
resolution with magnetic field sensitivity [3]. These sensing functionalities have also been
extended to measure strain [4], electric fields [5], pressure [6] and temperature [7], that all

have a direct impact on the ESR frequency.

One simple way to improve the sensitivity of such sensors is to increase the number N of

sensing spins since, for NV ensembles, the shot-noise limited magnetic sensitivity 1, scales as:

1
C./NRT} (eq. 1)

Ne X
where C is the contrast of the optically-detected ESR spectrum, T, denotes the
inhomogeneous spin dephasing time which limits the ESR linewidth, and R is the number of
detected photons that depends on collection efficiency. One important challenge is to
increase the density of NV defects while maintaining good spin coherence properties [8]. This
relies on the fabrication of specially engineered “quantum grade” synthetic crystals and

mostly on the capabilities and flexibility of the plasma-assisted Chemical Vapour Deposition

(CvD) technique [9-11].

Nitrogen doping efficiency and solubility in CVD diamond is however limited and obtaining

high NV densities (> 10 ppb) requires that relatively large amounts of molecular nitrogen (N>),



a typical doping gas, is added during growth, above typically 250 ppm under high plasma
power density conditions [12]. However, in the presence of this impurity, a degradation of the
surface morphology particularly at the edges of the crystal is usually observed [13], sometimes
leading to a total loss of epitaxy. Highly N-doped CVD diamonds also contain a large amount
of extended defects (dislocations and vacancy clusters in particular) that strongly reduce their
optical properties, leading to a brown colouration [14,15]. An additional limitation comes from
the fact that only a small fraction of the total incorporated nitrogen is in the NV form, most of
it being substitutional (Ns) without an associated vacancy. A typical yield (NV/Niotal) for
untreated as-grown CVD diamonds is of the order of 1/300 [16]. Substitutional nitrogen
impurities are paramagnetic defects that reduce the coherence time through dipolar coupling
to the NV centre particularly at concentrations of 1 ppm and above [17]. Since high NV/Ns
yields are desirable, conversion treatments through irradiation with high energy electrons,
ions or laser beams followed by thermal annealing have been exploited to create and diffuse

vacancies towards nitrogen impurities and thus raise the desired proportion of NVs [18].

Recently, we have shown that the use of nitrous oxide (N2O) as a dopant in the gas phase,
rather than Ny, partially alleviates those issues by allowing higher doping levels without too
much of a structural degradation of the diamond film and with improved optical properties
for NV centres, in particular the suppression of photo-bleaching occurring at high excitation
powers [19]. The N2O molecule also benefits from a much lower dissociation energy in the
plasma (4.6 eV instead of 9.8 eV) [20]. The presence of a low and controlled amount of oxygen
next to the growing surface is expected to help etching away non-epitaxial defects, thus
preserving a good morphology throughout the growth. Here we further explore the use of this
dopant gas by investigating the synthesis of highly nitrogen-doped and millimetre-thick
diamond films within the context of quantum technologies in which high density NV centres
with good coherent properties are required. High energy electron irradiation and in-situ
annealing are used to boost NV content, leading to pink diamond crystals with appealing

optical properties.

2. Experimental details



A home-made high power density plasma CVD reactor was used and operated with a
microwave power of 3-3.5 kW, a pressure of 200-230 mbar, a temperature of 900 °C and a
methane concentration of 4 % in high purity hydrogen (9N). 500 ppm of N,O were introduced
throughout the deposition run. A High Pressure High Temperature (HPHT) type /b diamond
(3x3 mm?) was used as a substrate. Three samples were grown under identical conditions with
increasingly long deposition times and an uninterrupted growth run, leading to as-grown
thicknesses of 0.7 mm (sample A), 1.7 mm (sample B) and 2.7 mm (sample C). The HPHT
substrate and the edges of the crystal were then laser cut so that freestanding polished plates
of 420um, 1550um and 2300 um were finally obtained. Different sample thicknesses facilitate
their characterization, particularly for measurements requiring analysing a transmitted light

beam.

The thinnest sample (sample A) was submitted to irradiation by a 10 MeV electron beam
at a fluence of 2x10%*® cm for 20 h. Throughout irradiation, the sample was heated to a
temperature of 900 °C so that any vacancy formed by the impinging electrons would
recombine with nitrogen impurities thus maximizing NV production while lowering the

probability of forming vacancy clusters.

PL images were acquired using a DiamondView™ system that excites luminescence with a
near bandgap UV source (225 nm). The integration time was set to 1.5 s for the as-grown
sample and 0.05 s for the irradiated diamond so that fluorescence images with a good contrast
are obtained. Spectroscopic characterization of the samples was carried out using a
Raman/Photoluminescence (PL) system (Renishaw InVia Raman) using a 532 or 473 nm laser
excitation line focused with a 50 x objective. FTIR analysis was performed in transmission with
a Bruker Tensor 27 system. The freestanding diamond plates were attached to a pierced holder
and 256 scans were acquired between 400 and 4000 cm™. The resolution was around 2 cm™.
The absorption coefficient was normalized so that it reaches 12.8 cm™ at 2000 cm™ which is
the expected value for diamond [21]. Ultraviolet-visible (UV-Vis) absorption spectrometry was
performed in transmission using a Carry 6000i spectrophotometer in the range 200-800 nm
with steps of 0.25 nm either at room temperature or in a closed cycle helium cryostat
maintained at a temperature of 77 K. A reflection loss spectrum was subtracted to get the real

absorption coefficient from the sample. Since reflection losses may be greater than expected



from this simple model, we slightly shifted the data in order to get zero absorption at a

wavelength of 700 nm.

High resolution spectroscopy measurements were performed using a home-built confocal
system. It consists of a laser source delivering a maximum of 5 mW at 532 nm, the intensity of
which is controlled by an Acousto-Optic Modulator (AOM). The laser is passing through a
dichroic mirror and sent to a microscope objective (with a numerical aperture of 0.6) that
focusses the laser onto the sample and collects the photoluminescence. Most of the PL then
goes back through the dichroic mirror (which reflects light at a wavelength above 638 nm) and
is mode matched to a multimode fibre that is directly connected to an Avalanche Photodiode
(Perkin Elmer). For the spin resonance measurements, we use a home-made free-space
antenna loop driven by a microwave function generator (Rohde and Schwarz) and a

permanent magnet for Zeeman splitting the four NV spins classes.

3. Results and discussion
3.1. As grown CVD diamond with N20 doping

Images of the 3 freestanding CVD samples (A, B and C) grown with addition of 500 ppm of
N,O are presented in Fig. 1a. One can notice that they exhibit brown colouration typical for
diamonds of that thickness and doping range [22,23]. It is however noticeable that despite the
high added amount of N;O thick single crystalline material could be successfully produced
whereas a sample grown with similar growth conditions and addition of N> would lead to a
polycrystalline or highly defective film. The transmitted light under cross-polarizers shown
here for sample A (Fig. 1b) evidences a typical cross-shape pattern resulting from the
dislocation network generated in CVD-grown material [24] with a typical density of 10°-
10° cm™2. Under the UV-light of the DiamondView™ (Fig. 1c-e), the samples display bright red-
yellow fluorescence indicative of the presence of NV centres. A 1.5 s integration time was used
here to acquire the images. Despite having been “scaif”-polished to a low roughness, the
fingerprint of growth features at the top surface (round shape hillocks) is revealed under UV-
light due to local variation of nitrogen doping in the crystal (Fig. 1c and d) [25]. No evidence of
strong internal stress that would show-up as bright blue fluorescence was found. In addition,

the side of sample C (Fig. 4e) examined under the DiamondView™ shows a rather uniform



colouration although layering is visible. This originates from local variation of the NV density
induced by temperature drifts that were compensated and that we estimate to around £ 30°C
during the deposition run. Lower temperatures are indeed known to lead to higher NV

incorporation efficiency [26].
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Fig. 1. (a) Images of the 3 CVD-grown samples. A: 420 um-thick, B: 1550 um-thick and C:
2300 um-thick. (b) Image of sample A in transmission under cross-polarizers showing
dislocation-related patterns. (c)-(e) DiamondView™ PL images of samples A and C acquired
with a 1.5 s integration time either on the top surface or on the side surface (i.e.

perpendicularly to the growth direction).

Raman/PL analysis was carried out under both 473 and 532 nm excitation in a non-
confocal system (Fig. 2a and 2b). Strong emission from NV° and NV- centres is evidenced when
comparing with the intensity from the diamond Raman peak (labelled R on Fig. 2). For an
excitation line at 532 nm, emission from NV- dominates as compared to that from NV° due to
different absorption cross-section at different wavelengths [27]. With an excitation at 473 nm,
a slight contribution starting at 503 nm and extending up to 525 nm at the base of the Raman
peak is believed to be related to the H3 centre, an aggregated nitrogen defect (N-V-N). We

found no evidence of SiV centre that would otherwise show up at 737 nm. The FWHM of the



diamond Raman peak was found to be around 5 cm™ at 473 nm which is broader than that
typically measured for highly pure CVD films (1.5 - 1.7 cm™). Such a broadening is probably

induced by the presence of impurities and vacancy clusters (i.e. disorder) in the crystal.
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Fig. 2. PL spectra of as-grown freestanding CVD diamond with N;O addition (sample A) under
(a) 473 nm and (b) 532 nm excitation lines respectively. The diamond Raman peak is labelled

R and the main emissions are indicated.

FTIR analysis was then carried out to assess nitrogen incorporation. The spectrum of
Fig. 3 (sample B) reveals the typical multi-phonon absorption of diamond between 1600 and
2600 cmX. Absorption in the one-phonon region (below 1332 cm™) is not permitted in a
perfect diamond but is induced by defects that locally modify the symmetry and introduce
distortion. The intensity of the 1130 cm™ band (inset of Fig. 3a) can be used to evaluate the
amount of substitutional nitrogen in their neutral charge state (N?) while that at 1332 cm™ is
proportional to NJ concentration [20]. Based on this, we estimate 18 and 8 ppm of N¢ and
NI respectively, leading to a total substitutional nitrogen concentration of about 265 ppm.
This is a doping efficiency of about 5x102 and a considerable amount of nitrogen for a CVD-
grown diamond in which doping levels rarely go beyond 1 ppm in high-quality single crystals
unlike HPHT type /b crystals that can contain several hundreds of ppm [28]. The proportion of
neutrally charged nitrogen represents here around 70 % of the total substitutional nitrogen, a
fairly high value. According to a recent study [29], it suggests that the amount of acceptor
defects was low, a good indicator of the final performance of the material in quantum

applications. We note that long-time exposure to UV irradiation of the sample prior to



measurement was not performed although this treatment is known to maximize the

proportion of N{ respectively to NF.The value of 70 % might thus be underestimated here.

Additional peaks in the FTIR spectrum at 1046, 1353 and 1371 cm™ are similar to those
already reported by Wang et al and Zaitsev et al. [30—32] in nitrogen-doped CVD diamonds.
The presence of hydrogen impurities is also evidenced from the CH stretch vibrations at higher
wavenumbers (2600-3000 cm™?) [33], as well as the presence of a peak at 3123 cm™ from NVH°
defects. We estimate a concentration of NVH® of about 0.3 ppm from the area of its
absorption [34]. Absorption at 3324 cm™ is related to substitutional nitrogen decorated by a
hydrogen atom (Ns:H-C° [35]. Hydrogen is a commonly found impurity in CVD-grown
diamonds especially those grown at high growth rates which is the case when nitrogen is

intentionally added.
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Fig. 3. FTIR spectrum of a freestanding CVD diamond grown with N>O addition (sample B).

The inset shows a zoom into the red squared area.

UV-Vis absorption measurements acquired at room temperature are presented in Fig.
4 for the thinnest sample (sample A). The presence of a strong absorption band at 270 nm
corresponds to electronic transitions from the valence band to N{. Its intensity is consistent
with the 26 ppm nitrogen doping level calculated previously by FTIR [36]. The brownish
colouration of the sample is attributed to the presence of a continuum absorption from

500 nm to the deep UV, as well as 2 broad bands observed at 510 and 350 nm. They are related



to defects other than substitutional nitrogen, such as vacancy clusters [37] or even possibly
sp? carbon nanoclusters [38] that were generated during growth. We note though that those
bands have rather moderate absorption coefficients as compared to that originating from
substitutional nitrogen. This further supports the fact that growth with N,O provides a way to
generate a high nitrogen doping while limiting the amount of other defects in the crystal.
Looking at the 550-650 nm region (inset of Fig. 4), the presence of a weak peak from NV~
centres at 637 nm is detected together with unattributed absorptions at 624 and 598 nm. UV-
Vis absorption was also performed at low temperature (77 K) on sample B (not presented
here). Under those conditions, the density of NV centres is proportional to the area of the
absorption peak [39]. We estimated a concentration of 0.1 ppm of NV- whereas NV°
absorption was not detected suggesting that its concentration was of the order of 0.01 ppm
or below. The strong proportion of negatively charged defects with respect to neutral ones is
typical of the presence of a high amount of nitrogen that acts as an efficient electron donor.
No peaks related to isolated vacancies (V° or V- at 741 nm and 393 nm respectively) were

found in the as-grown samples.
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Fig. 4. Room temperature UV-Vis optical absorption of an as-grown freestanding CVD
diamond (sample A) grown with 500 ppm of N>O. The inset shows a zoom into the blue

squared area.



3.2.1rradiated pink CVD diamond

Sample A was irradiated with 10 MeV electrons and in-situ annealed at 900 °C. In this
energy range, electrons’ penetration depth is larger than the thickness of the film leading to
uniform creation of vacancies throughout the diamond crystal. The irradiation fluence of
2x10% cm was chosen so that the vacancies’ density (expected to be 7x10% cm3) [40] is
comparable to the nitrogen concentration in the crystal (around 26 ppmi.e. 5x108 cm3). This
approach aims at maximizing Ns to NV conversion by diffusion and capture of vacancies. As a
result of the irradiation, the sample exhibited a bright pink colouration visible in Fig. 5a. Under
the 473 nm laser beam of the Raman microscope the bright red emission from NV centres was
obvious (Fig. 5b). When observed again under the DiamondView™, the top surface of the
sample still displayed the same red fluorescence with a visible growth pattern. However, the
acquisition time was reduced from 1.5s to 0.05 s to obtain an image with roughly similar
brightness. This 30 x increase in fluorescence intensity gives a first hint into the strong

increase in the number of NVs produced.

Room temperature PL/Raman analysis was then performed using either 473 or 532 nm
laser excitation. The very high emission intensity originating from NV centres can be judged
by comparing with the respectively low intensity of the diamond Raman peak in the insets of
Fig. 6a andFig. 6b. Using the green laser, the Raman contribution is even completely
overlapped with the NV° band. Again no contribution from SiV- centres expected at 737 nm
was detected. This suggests that the silicon background contamination in our sample was
relatively low since we expect this negative charge state of the defect to be promoted under
high nitrogen content [41]. No contribution from the radiation-induced GR1 centre at 741 nm
(V°) [36] was found in PL which indicates that no excess vacancies was produced by the
irradiation and that the majority was captured by impurities. Interestingly, emission from the
H3 centre (N-V-N) [36] around 503 nm was enhanced whereas it was just barely visible before
irradiation. Since nitrogen atoms are not mobile at the annealing temperatures that were
used, we conclude that not all nitrogen in the sample was in the form of single substitutional
Ns defects but nitrogen pairs were likely to be present too. Vacancies diffused and trapped by
those aggregates were formed after irradiation, leading to the observed enhancement of the
H3 centre. Consequently, the total nitrogen concentration is probably higher than that simply

estimated from the previous Ns measurement.
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Fig. 5. CVD diamond sample A after electron irradiation and in-situ annealing. (a) Optical
image showing the pink colouration. (b) Bright red luminescence observed under blue laser

illumination. (c) DiamondView™ image of the top surface using an integration time of 0.05 s.
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Fig. 6. PL-Raman analysis of CVD diamond sample A after electron irradiation and in-situ
annealing under (a) 473 nm and (b) 532 nm excitation lines respectively. The diamond Raman
peak is labelled R and the main emissions are indicated. The inset in (a) shows a zoom into the
blue squared area. The inset in (b) shows a zoom into the green squared area. The spectrum

of the sample before irradiation is provided as a comparison for (b).

FTIR spectroscopy of the irradiated and in-situ annealed sample A presented in Fig. 7
brings further information on the nitrogen content. We observed that absorption in the one-
phonon region was extremely low leading to a noisy contribution between 800 and 1500 cm~
! even after long acquisition times. The previous peaks at 1130 and 1332 cm™ could no longer
be detected indicating a drastic drop in the concentration of isolated substitutional nitrogen.
This is consistent with the fact that Ns were successfully converted into NVs by the treatment.

On the other hand, the 3123 cm™ peak (NVH?) was strongly increased whereas the CH stretch



contributions decreased accordingly. From the area of the absorption [39], we calculated that
the density of NVH® was as high as 0.8 ppm. A significant fraction of the available nitrogen was
thus passivated by hydrogen and unavailable to create the desired NV- centres. Besides, the
intensity of the 3324 cm™ peak related to a substitutional nitrogen associated to a hydrogen
atom (Ns:H-CP) also increased by almost a factor of 5. Since such complexes are stable, they
constitute another path to the loss of available nitrogen. These results indicate that the
diffusion and capture of vacancies as well as possibly the diffusion of hydrogen atoms [42] led

to such a drastic modification of the defect content in the crystal.
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Fig. 7. FTIR spectrum of CVD diamond sample A after electron irradiation and in-situ
annealing. The inset shows a zoom into the red squared area where specific defects are

indicated.

Reorganisation in the distribution of impurities induced by the irradiation/annealing
treatment is also clearly apparent in the room temperature UV-Vis absorption spectroscopy
results presented in Fig. 8 in which absorption of the sample before and after irradiation is
compared to that from a pure (undoped) CVD film of similar thickness. The absorption is
dominated by that originating from NV centres with two clear lines at 575 and 637 nm as well
as a broad phonon-related absorption band. The contribution from N at 270 nm is
overlapped by unknown contributions at 286 and 266 nm and can no longer be clearly

identified. This supports again the efficient conversion of substitutional nitrogen into NV



centres. The presence of two regions with low absorption in the blue (around 450 nm) and at

a wavelength above 640 nm is responsible for the pink colouration of this sample [31].

To further quantify the amount of impurities, we acquired UV-Vis absorption
spectroscopy at low temperature (77 K). From the area of the absorption peaks presented in
Fig. 9. and using the calibration constants reported in [43] and [36], we estimated NV° and NV-
concentrations to 2.3 and 4.6 ppm respectively. This corresponds to a high conversion
efficiency of 20 %. The presence of remaining vacancies but in a low amount was evidenced
by very weak absorptions at 3.15 eV (393.5 nm, V') and 1.67 eV (741 nm, V°). They were
qguantified to 55 pbb and 20 ppb respectively. No large excess of vacancies was produced in
agreement with the PL results. An additional peak at 595 nm already reported in irradiated
nitrogen-doped diamonds is relatively pronounced [36], as well as narrow absorptions at
446.5 and 424.5 nm. Such defects might be related to interstitials or vacancy clusters that

were not completely annealed out.
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Fig. 8. Room temperature UV-Vis optical absorption of CVD diamond sample A after electron
irradiation and in-situ annealing (red trace) compared to that acquired before irradiation (grey
trace) as well as an undoped freestanding CVD plate of similar thickness used as a reference

(blue trace).
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A summary of the results on the defect quantification after the treatment based on the

different characterization techniques is presented in Table 1. One can see the redistribution

in the nature and density of defects that occurred.

Table 1. Quantification of main defects before and after irradiation of the sample grown with

500 ppm of N2O in the gas phase. N.Q. refers to “not quantifiable”.

As grown with After electron Measurement
Defect
500 ppm N2O irradiation/annealing technique
NV- 0.1 ppm 4.6 ppm UV-Vis (637 nm)
NV <10 ppb 2.3 ppm UV-Vis (575 nm)
VO N.Q. 55 ppb UV-Vis (741 nm)
V- N.Q. 20 ppb UV-Vis (393.5 nm)
Nl 18 ppm N.Q. FTIR (1130 cm™)
Ns* 8 ppm N.Q. FTIR (1332 cm™)
NVHO 0.3 ppm 0.8 ppm FTIR (3123 cm™)




3.3.Spin properties of NV centres in as-grown and irradiated CVD diamonds

In order to assess the properties of NV centres in the CVD diamonds grown with N,O
addition, time-resolved spectroscopy measurements were carried out on both the as-grown
and irradiated samples. In the as-grown sample (B), the spin T1 times were measured using
pulses of green laser light separated by a varying time 1. The photoluminescence was
extracted during the first 10 pus of the second pulse as shown in Fig. 10a (sequence 1). In
heavily doped samples however, it has been noticed [44] that photoionisation can modify the
extracted PL change as a function of time due to recombination of NV° back to NV-centers in
the dark when excited with green laser powers above 10 uW. To estimate T1 on this sample,
it is thus necessary to perform an extra measurement with two green laser pulses interleaved
by a short microwave © pulse (sequence 2 of Fig. 10a). Here we apply a 100 ns microwave
pulse at the zero-field splitting of 2.87 GHz immediately after the first pulse. We then subtract
the two curves of sequence 1 and 2 and obtain the curve shown in Fig. 10a. This standard
rejection technigue removes this artefact and measures the true relaxation from the ms = +1
spin states, which we found to be T1=3.6 ms after fitting with an exponentially decaying
curve. This value is consistent with the typical spin-lattice relaxation times at ambient
conditions [45]. For the as-grown sample, the relaxation does not depend on the external

magnetic field for up to 200 G.

The situation is very different for the irradiated sample (A). There, only a slight
modification of the decay curve was seen due to photoionisation effects, at powers below
100 puW suggesting that the presence of substitutional nitrogen in the as-grown sample indeed
assists the NV° to NV- recombination in the dark [15]. In the irradiated sample, at powers
above 100 pW, only a slight initial increase of the PL is observed. We thus chose to operate at
lower power in order not to use the rejection technique. In this sample however, the
relaxation time was observed to depend critically on the magnetic field strength and
orientation. As it was observed already in [46] when some classes of NV centers are
degenerate, the dipole-dipole interaction can cause faster spin-relaxation thus reducing the
T time. Trace i) of Fig. 10b shows a T1 curve taken with a magnetic field along an arbitrary
direction where no degeneracy occurs (the corresponding electron-spin-resonance is shown
as a blue trace in the inset). In this case we measured a decay time of 3.5 ms close to the value

measured in the as-grown sample B. This suggests that phonons are the dominant relaxation



mechanism here too. Now, we tune the magnetic field to the [100] direction so that all NV
centers’ classes are degenerate. A single ESR line then appears in the spectrum (see green
trace in the inset) and the relaxation is faster (trace ii)). Using an exponential fit still gives a
good agreement with the data [46]. We measured a relaxation time of 2.2 ms, lower than the

phonon-limited Ti. The dipole-dipole interaction then becomes dominant in this regime

showing again the very high NV centers density of the irradiated sample.
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Fig. 10. a) Longitudinal relaxation of the NV spin population (T: time) in sample B (not
irradiated). The curve is the subtraction of the data obtained in the sequences shown in the
inset. The sequence (2) is used to remove the background contribution from NV ionisation in
the T1 measurement. b) Longitudinal relaxation of the NV spin population (T: time) in irradiated
sample A under two different orientation of the magnetic field: i) arbitrary orientation, ii)

orientation along the [100] direction. The inset shows the corresponding ESR spectra.

The ESR spectra of both the as-grown (B) and irradiated (A) samples are sufficiently
narrow to allow resolving the hyperfine structure induced by coupling to the nuclear spin of
nitrogen and leads to the appearance of a triplet of resonances (Fig. 11b). This indicates that
the highly-doped sample has a low amount of defects and good crystalline quality that limits
broadening of the lines. T,* times were estimated by scanning the frequency of a microwave
signal across one of the spin resonances at very low power in order not to saturate the
transition. In this condition, the linewidth is then determined by the T,* time [47]. We found
similar values of about 600 ns for both samples (A irradiated and B as grown). We note that
the T,* values measured here would correspond to those reported for samples having
nitrogen concentrations of the order of 20 ppm (see reference [48]) which is in good

agreement with our previous estimation. It is striking that the T,* values remained roughly

the same after irradiation which indicates that one can benefit from the high brightness of a



dense NV ensemble without any trade off on the coherence time. Thus the [NV]xT>* product,
a figure of merit for NV sensing applications, is of the order of 3 ps.ppm, a favourable value as

indicated by a recent report [29].
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Fig. 11 (a) Energy level scheme of the NV centre showing the 3 main transitions due to
hyperfine splitting induced by *N. (b) Electronic spin resonance spectrum on one of the NV

orientations in the irradiated sample (A).

Conclusion

Diamond crystals with a high density of luminescent NV centres (of the order of 1 ppm
or more) and presenting good coherence properties are highly desired for applications in
guantum sensing for which they may advantageously extend the performance and sensitivity
of the foreseen devices. Obtaining high NV concentrations in CVD-grown diamonds is however
hampered by the low solubility of nitrogen, the poor Ns/NV yield and the deleterious effect of
N doping gas on the surface morphologies of the films. By using N2O as a doping source during
growth, millimetre-thick diamond crystals with high crystalline quality were successfully
produced. Nitrogen levels as high as 26 ppm were measured which represents a significant
amount for a CVD-grown diamond. The as-grown crystal exhibited a slightly brownish
colouration due to absorption by Ns at 270 nm and an increasing absorption at wavelengths
below 500 nm. A moderate fraction of NV- centres of about 100 ppb was measured. By
irradiating with high energy electrons (10 MeV) and in-situ annealing the samples at 900 °C,
substitutional nitrogen was efficiently converted into NV with a yield of about 20 % leading to
highly dense NV centre ensembles (almost 5 ppm). A pink diamond crystal with appealing

optical properties was then obtained. Passivation of part of the defects by hydrogen leading
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to the formation of NVH centres at a concentration level comparable to NVs was evidenced

and constitute a possible limitation.

The relaxation time Ti of the irradiated sample indicates a dependence on the
orientation of the magnetic field unlike the as-grown sample. Shorter T; times were indeed
obtained when the different NV populations are degenerate and experience a similar
magnetic field projection along their axis, i.e. when their resonance frequencies match. This
suggests that in such highly dense NV ensembles, dipolar interaction between NV centres is
an important limiting mechanism in addition to phonon-assisted relaxation. Fairly long T,*
times of 600 ns were measured and were not decreased by the irradiation treatment, which
indicates that one can benefit from a high NV density without compromising their spin
properties. Such specially engineered pink diamond crystals with dense NV ensembles
constitute a milestone towards the development of quantum sensors and devices with

improved performance.
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