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ABSTRACT

High concentration of negatively charged nitrogen-vacancy (NV~) centers was created in diamond single
crystals containing approximately 100 ppm nitrogen using electron and neutron irradiation and sub-
sequent thermal annealing in a stepwise manner. Continuous-wave electron paramagnetic resonance
(EPR) was used to determine the transformation efficiency from isolated N atoms to NV~ centers in each
production step and its highest value was as high as 17.5%. Charged vacancies are formed after electron
irradiation as shown by EPR spectra, but the thermal annealing restores the sample quality as the defect
signal diminishes. We find that about 25% of the vacancies form NVs during the annealing process. The
large NV~ concentration allows observing orientation dependent spin-relaxation times and also deter-
mining the hyperfine and quadrupole coupling constants with high precision using electron spin echo
(ESE) and electron-nuclear double resonance (ENDOR). We also observed the EPR signal associated with
the so-called W16 centers, whose spectroscopic properties might imply a nitrogen dimer-vacancy center
for its origin.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

enormous potential in nanoscale metrology e.g. in magnetometry
[6], in electrometry [7], or in thermometry [8]. The biocompatibility

Impurities in solid state materials have been in the focus of
attention for many decades due to their interesting and complex
physics and promising applications. The negatively charged
nitrogen-vacancy (NV~) centers [1,2] are indisputably among the
most studied ones. Individual NV~ centers [3] can be used as single-
photon sources [4], solid state spin quantum bits [5] and they have
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of diamond and the nanometer scale spatial resolution of NV-based
thermometers makes them appealing also for life-science appli-
cations [9] as temperature plays a crucial role in biological pro-
cesses. Nanodiamonds containing NV~ centers [10] are non-
invasive tools for studying the magnetism of biological samples
such as proteins [11].

Using ensembles of NV~ centers improves the magnetic field
sensitivity of magnetic imaging by a factor of v/N, where N is the
number of NV~ centers in the focus spot [12]. The detection limit of
high density ensembles of NV~ centers in diamond was proved to

lie in the fT/+v/Hz range and even lower limits could be reached [13].
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The spatial resolution of such systems is diffraction limited but this
can be overcome by stimulated emission depletion fluorescence
microscopy (STED) [14,15]. However, to create such sensitive
magnetometers, competing with the present best performing
techniques, it is important to have control over the production of
NV~ centers and have a reliable technique to quantitatively classify
the prepared samples. The study of NV~ ensembles allows the use
of macroscopic experimental methods which are not feasible on
individual NV~ centers and also a simultaneous investigation of
NV~ units along different crystallographic directions, thus allowing
for a comparative study of orientation dependent physical prop-
erties. The realization of dense spin ensembles enables to study
long-range interactions and many-body localization. This was
presented on high density NV center ensembles in Ref. [16].

The NV center in diamond is a complex defect consisting of a
vacancy and a nearest neighbor single substitutional nitrogen atom.
The resulting 5 electron system is called the neutral NV center
(NV®) and possesses a C3, symmetry. This center can catch an
additional electron from a second nitrogen in its vicinity creating
positively charged nitrogen atoms in the diamond lattice [17]. This
negatively charged NV center (NV™) has spin S = 1 and its electronic
ground (and excited) state is a triplet enabling the manipulation
through microwaves. The unique electronic structure of the NV~
center and the excellent physical properties of diamond are the
reasons behind the above-listed versatile application ideas. The
spin Hamiltonian of the electronic ground state includes the elec-
tronic Zeeman interaction, zero-field splitting, nuclear Zeeman
interaction, anisotropic hyperfine, and axial nuclear quadrupole
terms:
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Here, we study the production of macroscopic amounts of NV~
centers from commercially available diamonds using a systematic,
stepwise electron and neutron irradiation and a subsequent
annealing process. We show that the NV~ production can be well
followed with continuous-wave electron paramagnetic resonance
(EPR). The conversion efficiency from isolated nitrogen atoms to
NV~ centers is as high as 17.5% according to EPR. Electron irradia-
tion produces charged vacancies with S = 1/2, whose EPR signal is
transformed into the NV~ centers with an efficiency of about 25%
upon thermal annealing. The disappearance of the vacancy signal
upon the annealing proves that the integrity of the diamond lattice
is restored after each step. We also observe the EPR signal of the so-
called W16 center in diamond which we assign to N-dimer-vacancy
centers (NNV). Pulsed EPR on the NV~ centers along different
crystallographic directions reveals an orientation dependence of
the spin-relaxation lifetimes. Electron-nuclear double resonance
allows the precise determination of the nuclear hyperfine and
quadrupole coupling constants.

2. Experimental
2.1. EPR setup

Samples produced by neutron irradiation were characterized
using a Bruker Elexsys E500 continuous-wave (CW) spectrometer
equipped with an ER 4122SHQE resonator. Diamonds were fixed to
a quartz rod by using vacuum grease and the rod was inserted into a
goniometer attached to the EPR cavity. Quantitative analysis of
electron irradiated samples and pulse electron paramagnetic
resonance studies were carried out on a Bruker Elexsys E580 FT/CW
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electron paramagnetic resonance spectrometer with a Flexline
resonator (ER 4118X-MD5). A Bruker E580 spectrometer was used
for the pulsed ENDOR measurements at X-band microwave fre-
quency (~ 9.5 GHz). The Mims pulse sequence was used with the
microwave and radiofrequency pulse lengths of 7, = 16 ns and
Tre = 10 ps, respectively.

2.2. Sample preparation

Single crystal, type 1b diamond samples (supplied by Element
Six Ltd.) produced by high pressure high temperature method
(HPHT) containing less than 200 ppm substitutional nitrogen were
exposed to neutron irradiation at maximum power of 100 kW for
8 h in the Training reactor of the Institute of Nuclear Techniques at
Budapest University of Technology and Economics. Three samples
received a total neutron fluence of 107 1/cm? (3 - 10'® 1jcm? in the
100 eV - 1 MeV range) which is in the low dose region [18]. After
that, they were annealed under dynamic vacuum (10~ mbar) at
800°C based on the detailed annealing temperature studies found
in Ref. [19]. The irradiation and the subsequent annealing were
repeated for two of the three samples. Another six samples were
exposed to electron irradiation using a variable-energy RF linear
accelerator built by RadiaBeam Technologies LLC. The custom
design incorporates a novel two accelerating structure system
which produces an electron beam with variable energy between 1
and 4 MeV, up to 68 mA peak current and 68 uA average current.
The samples received net fluence up to 2.8 - 10'® 1/cm?, which was
determined from the resulting electric current. These samples were
also annealed at 800°C for 2 h and at 1000°C for another 2 h. The
irradiation and annealing steps were repeated several times
resulting in a large set of NV~ concentration data as a function of
the electron fluence.

3. Results and discussion

Fig. 1 shows EPR spectra recorded after the first and fifth steps of
electron irradiation followed by annealing. The single crystal
sample was placed with its <111 > direction almost parallel with
the external magnetic field. Substitutional nitrogen with S = 1/2
(also known as the P1 center) as the main impurity gives the
strongest signal in the middle of the spectrum. When the external
magnetic field is parallel with the <100> axis, three resonances
with the same intensity can be observed due to the hyperfine
splitting from the I = 1 nuclear spin of 1#N. By aligning the field in
the <111 > direction, five resonances with the relative intensity
ratio 1:3:4:3:1 appear indicating that the non-bonding electron sits
on an antibonding p-type orbital [20].

Although the starting material shows no sign of NV~ centers
even after an annealing cycle, the characteristic NV~ lines emerge
after the neutron or electron irradiation and subsequent annealing
as shown in Fig. 1. In a general alignment, eight lines related to NV~
centers are present as there are four possible crystallographic ori-
entations and two possible Am = 1 transitions. The EPR spectrum of
the NV~ is well understood [2]: the lower- and uppermost signal
arises from the 0 — 1 and —1 — O transition, respectively, for NV~
centers that are oriented along the external field. The inner lying six
lines correspond to NVs which are aligned at a 109.47° angle with
respect to the external field.

Fig. 1 also shows the so-called W16 center according to the
notation in Ref. [2]. This signal corresponds to a S = 1 triplet spin
state, similarly to the NV~ center (which was denoted as W15 in
Ref. [2]) but with a smaller zero-field splitting, D(W16) = 0.86 -
D(NV), as shown in the figure. Given the similarity of this center to
the NV, we tentatively assign it to N(+)NV(—) complexes. The EPR
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Fig. 1. Electron paramagnetic resonance spectra acquired after the first (black line) and fifth (red line) electron irradiation and subsequent annealing step of sample S1. The spectra
are normalized to the central nitrogen line also known as the P1 center. The spectral range, which contains the EPR signal of the NV~ centers, is scaled up for clarity. The blue line
shows the integrated EPR signal after the fifth irradiation-annealing step. Arrows point to the EPR signal of the W16 center. (A colour version of this figure can be viewed online.)

signal intensity of the W16 is about 9% in the samples we investi-
gated, a ratio which is independent of the thermal treatment and
irradiation conditions. We therefore conclude that it originates
from N—N dimers which are present in the starting samples.
Interestingly, the W16 center does not show light-induced pump-
ing with the 532 nm laser and it merits further studies. We un-
derline that our samples allow for further studies of this potentially
interesting, however yet elusive center in diamond.

We argue that EPR is the ideal choice to determine the conver-
sion efficiency from N to NV~ as it spectroscopically differentiates
between the centers and it is also sensitive to the number of spins.
While it is generally more difficult to obtain absolute spin numbers,
it is highly sensitive to relative changes in the number of different
types of spins [21,22].

Fluorescence or optical absorption-based methods are powerful
tools to qualitatively analyze color centers in diamond and in other
solid materials. They are also widely used for quantitative measures
[23]. However, these methods are more limited in determining the
amount of color centers due to the inevitable and less center-
specific optical absorption, which is significant in diamond.
Studying neutron and electron irradiation, Nobauer et al. found that
the type and energy of irradiation affect the optical transparency of
the diamond host [24]. Luminescence is also limited for quantita-
tive purposes as assessment of the effective volume of detection
and the ratio of backscattered photons is difficult due to the high
refractive index of diamond. Suppression of photoluminescence
through graphitization at high irradiation fluences was also re-
ported [25], which also limits the possible use of this technique for
quantitative analysis. Lattice distortions introduced by substitu-
tional nitrogen in diamond also affect the PL intensity of NV~
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centers as it was shown that above 100 ppm this results in an
enormous decrease of PL signal [26]. Microwave radiation, on the
other hand, penetrates into the sample, and the measured micro-
wave absorption does not depend on the sample surface properties
and nitrogen concentration has no such effect on signal intensity as
described before. In addition, as mentioned we can use the con-
centration of the P1 center as a reference therefore even an altered
penetration of microwaves would not affect the analysis.

Fig. 2 shows the relative concentration of NV~ centers as a
function of the irradiation fluence. EPR spectra, like the ones pre-
sented in Fig. 1 were fitted with derivative Lorentzian lines to
obtain the signal intensities. The sum of integrals related to NV~
centers is compared to the sum of the integrals of NV~ and nitrogen
lines as shown in Fig. 2. In the analysis, one has to take into account
the spin susceptibility difference between the P1 center (S = 1/2)
and the NV~ (S = 1), which goes as S(S + 1) therefore the integrated
intensity of the NV~ centers, Iny has to be multiplied by g = 3/8 for
the proper normalization, i.e. to obtain it as the equivalent number
of S = 1/2 spins. One has two options to obtain the NV~ concen-

tration or NV production yield, cyy from the EPR data: cyy = q,’ﬂ or

Ny = m Although the resulting data is not significantly

affected by this choice for moderate values of cny, we found the
second choice to be more appropriate as it also reflects that the
amount of the P1 centers drops during the P1 — NV
transformation.

Fig. 2 demonstrates that the experimentally determined cyv
scales with the fluence for both electron and neutron irradiation,
although there is a factor 10 difference depending on the type of
irradiation. The NV yields suggest that neutrons cause an order of
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Fig. 2. The production yield of NV~ centers from individual nitrogens as obtained from the EPR signal for neutron irradiated (blue circles) and electron irradiated (black squares)
samples as a function of the neutron end electron fluence. Note that the electron and neutron fluence ranges differ in a factor of 10. (A colour version of this figure can be viewed
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Fig. 3. EPR spectra of an electron irradiated sample before and after the annealing
step. Arrows indicate that the significant g = 2 line intensity is transformed into the
NV~ lines (the NV~ spectral range is scaled up for better visibility by a factor of 10). The
sample orientation is slightly different in the two spectra thus the NV~ line positions
are shifted but the line intensities are unaffected by the orientation. Note that the
intensity of the central line has a small, about 2%, additional intensity, which is present
in the pristine samples, too. It is most probably due to some heteroatoms which are
unaffected by the treatments. (A colour version of this figure can be viewed online.)
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magnitude more damage compared to electrons which is consis-
tent with previous simulations [27,28]. For the highest NV~ pro-
duction yield, we observe 17.5% in a sample with 70 ppm nitrogen
concentration and 15 ppm NV~ concentration, which are obtained
from a careful calibration against a CuSO4 - 5H,0 standard. This
concentration clearly lags behind the 45 ppm of NV~ centers re-
ported in Ref. [29] but considering that the total electron fluence
reported in that work was 1.4 - 10 1/cm? which is five times
higher than our net fluence, the difference is understandable. We
also note that the same sample was reported to have 15 ppm of NV~
centers [30] which questions the accuracy of pulsed techniques for
spin density estimation.

Our stepwise NV~ synthesis allows following the growth
mechanism of the NV~ center as well as the radiation damage to the
sample. Prior to our work, it was unknown whether the annealing
restores the diamond quality and what the conversion efficiency of
NV~ from the vacancies is.

Fig. 3 shows the EPR spectra of an electron irradiated sample
before and after the annealing. The irradiation induces an addi-
tional signal at g = 2, which overlaps with the middle line of the
nitrogen EPR signal and thus appears as an additional intensity
amounting to about 20% of the total EPR intensity in the figure. We
note that such a signal appears exclusively for the electron irradi-
ated samples, most probably because it is due to a charged defect or
V(-). However, neutron irradiation appears to produce uncharged
defects only, which are EPR silent. The annealing transforms this
additional intensity to the NV~ lines (indicated by arrows) with a
yield of about 25%, i.e. according to EPR, every fourth EPR active
defect forms an NV. When calculating the yield, i.e. counting the
spins, we normalized the NV~ signal intensity by 8/3 due to the
higher spin susceptibility of S = 1 spins, as mentioned earlier.
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Fig. 4. Angular dependent spin-lattice (T;) and spin-spin relaxation times (T,), measured with Hahn-echo detected inversion recovery and Hahn-echo decay, respectively. Note the
different timescales for the two sets of data and the indicated relaxation time values. Insets show the applied pulse sequences and the orientation of NV centers with respect to the

external magnetic field. (A colour version of this figure can be viewed online.)

Following the annealing, we do not observe the expected
1:3:4:3:1 ratio of the nitrogen lines, and some additional g = 2
signal is observed. However, such a signal is present in the as-
received samples, i.e. without irradiation or annealing. Its in-
tensity amounts to about 2% of that of the individual nitrogens. This
is probably due to about 1-2 ppm of additional heteroatoms,
whose presence cannot be ruled out according to the diamond
manufacturer. We therefore conclude that the annealing restores
the integrity of the diamond lattice, even though the irradiation
induces a sizable amount of defects.

The prospective applications of the NV~ center as sensors [31],
qubits [3], or microwave sources [32] rely heavily on the magnitude
of the spin-lattice (T7), spin-spin (T2), and spin-decoherence (T;)
relaxation times. Optically detected magnetic resonance (ODMR) is
in principle capable of measuring all three relaxation times [33,34],
but the information relies on measuring the populations of the
individual spin levels rather than the collective Larmor precession
of the spins in a spin echo experiment. In other words, ODMR de-
tects the projection of the ensemble spin magnetization onto the z-
axis of the Bloch sphere, while the conventional spin echo mea-
sures directly the collective Larmor precession of the spins. In
addition, the optical methods are less representative for a bulk
sample and they are also limited for samples with a high extinction
coefficient. While these arguments are true for an ensemble sample
(which is thought to be better suited for sensor applications) these

parameters are hardly accessible without resorting to ODMR.

While ODMR studies of the spin relaxation times were done
extensively with various concentrations of NV~ ensembles, EPR
investigations have been less explored due to the limited sensitivity
of the measurement [35—38]. Knowledge of Ty is crucial for the
sensor applications as well as it defines the longest timescale over
which quantum information may be stored. Measurement of T is
also crucial for the timescale of coherent quantum information
storage. It is also predicted [39] that the T is strongly anisotropic,
which was observed using ODMR [40] but to our knowledge, no
similar conventional spin echo study exists which could confirm
this observation.

Fig. 4 shows the T; relaxation time measured with Hahn-echo
detected inversion recovery and the T, relaxation time acquired
by measuring the Hahn-echo decay. The advantage of the ensemble
sample studies is that they allow for the measurement of these
parameters for different alignments of the NV axis with respect to
the external magnetic field. To our surprise, we observe a clear and
reproducible anisotropy as both relaxation times are shorter for
NV~ centers which form a 109.47° angle with respect to the
external field in comparison to those whose axis is along the
magnetic field.

The most plausible origin of the anisotropy lies in the spin
Hamiltonian: crystalline vibrations modulate the dominant zero-
field splitting parameter (the D) which acts as a fluctuating field



S. Kollarics, F. Simon, A. Bojtor et al.

Carbon 188 (2022) 393—400

PR

—— B,"9"=446.65 mT
f ("*N)=1.37 MHz

Stimulated echo amplitude (arb. u.)

| fs fg f, fy
. ; e e e
* —— B,™=242.3mT
f ("*N)=0.74 MHz
f, fy f, f,

T

6

T

T

8

T

10 12 14

Frequency (MHz)

Fig. 5. X-band ENDOR spectrum on a diamond NV~ sample. The asterisks denote resonance corresponding to the nuclear Zeeman frequency of '>C. The ENDOR frequencies using
the notation of Ref. [50] are given. ENDOR transitions denoted by question marks could not be unambiguously assigned. (A colour version of this figure can be viewed online.)

along the NV axis. It is well known [22,41] that fluctuating fields
aligned perpendicular to the external DC magnetic field can shorten
the relaxation times. This therefore explains why we observe
shorter relaxation times when the NV axis is not parallel to the
external field. Based on a simple derivation (see Supplementary
Material:5), we expect the T; of NV~ centers parallel to the
external magnetic field to be 2.77 times longer than in the case
when NV~ centers are aligned in 109.47° angle with respect to the
external field. Experimentally we find this ratio to be =1.9, which
indicates that there are other contributions to longitudinal relax-

ation such as the spin flips of '>C and other paramagnetic nuclei.
In principle, the magnitude of T, can serve as a good indicator of
the NV content without the need for calibration against a spin
standard. The dipole-dipole interaction between the NV spin leads
to the effect of spin-diffusion, which results in a shortened T,. We
discuss this effect after Ref. [41] in the Supplementary Information
using the van Vleck formula. This quantitatively describes the
magnitude of T> as a function of the average spin-spin separation.
The calculation yielded a T, which is consistent with the NV con-
tent. In addition, Ref. [42] provides an empirical scaling of the
observed T, of the NV spins with the nitrogen content. Using this
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result, our typical T, data of about 1.5 ps is consistent with the
about 100 ppm nitrogen content.

Besides the overall exponential decay of the Hahn-echo, a
modulation is visible in Fig. 4, known as electron spin echo enve-
lope modulation (ESEEM) [43,44]. It is due to the hyperfine

coupling of the electronic spin of NV centers with the 13C and '4C
nuclei. The black curve in Fig. 4 shows the modulation caused by

distant '3C nuclei with a nuclear Zeeman frequency of 2.56 MHz (at
B = 243 mT) which is in good agreement with our ENDOR mea-

surements. In this orientation, the modulation from *N coupling is
zero as the principal axis of the hyperfine and quadrupole tensors is
parallel to the external magnetic field, but strongly present in the
other orientation (red curve in Fig. 4) when these tensors have a
perpendicular component. It is clear from the envelope modulation
that it is not governed by a single frequency. In general, the enve-
lope modulation frequencies are linear combinations of hyperfine
and quadrupole couplings, and angular dependence should also be
taken into account. A more detailed analysis of the observed signal
(based on a larger data set and supporting simulation) is beyond
the scope of this paper.

A range of compelling possibilities for the application of the NV~
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centers is where the physics of the electron spin is combined with
nearby nuclei. This can be exploited either in nucleus-based
quantum computing [45,46] or in optically detected NMR appli-
cations [47,48]. Clearly, a prerequisite for such investigation is the
accurate knowledge of the electron-nuclear hyperfine couplings
which is accessible from ESEEM measurements (with the above-
mentioned difficulties) or from electron-nuclear double reso-
nance (ENDOR) [43] experiments.

The ENDOR investigations rely on detecting a change in the
electron spin populations (or polarization) when a nuclear transi-
tion is excited; a change in the nuclear population affects the
electron populations as the two subsystems are connected by the
hyperfine interaction. Given that the nuclear transitions are usually
very well defined (down to a few 100 Hz to a few kHz), the
magnitude of the hyperfine interaction can be determined with
high accuracy.

ENDOR data using the Mims-ENDOR pulse sequence [49] on one
of our samples is presented in Fig. 5 for the highest and lowest lying

NV~ signals (B{)ligh = 446.65 mT and B})OW = 242.3 mT) when the
sample is oriented with its <111 > axis parallel to the field.

To our knowledge, ours is the first ENDOR observation in low-
field/frequency (at 9.5 GHz) besides an earlier report at 94 GHz
[50]. The lack of any publicly available X-band ENDOR data on the
NV~ center is probably a result of the somewhat complicated line
assignment in low magnetic fields as shown below, and also that
the ENDOR signal intensity scales with a higher power of the
respective Larmor frequencies.

Our quantitative analysis of the observed ENDOR lines builds on
the high-field ENDOR data [50] and on the hyperfine data obtained
from conventional EPR experiments [51] and the frequencies of the
major lines can be assigned as follows:

fi = m_ow +P —A‘
f =f"-P-A
s = VILOW +P)
fa =Y -P
fo =R
fo =P
fro= | P4l
fo =f¥-P+A

where we used the f; g notations introduced in Ref. [50] and

fleh — 1.37 MHz and f{°" = 0.74 MHz denote the 'N Larmor
frequency for the high and low magnetic fields, respectively. The
ENDOR frequencies are due to the quadrupole interaction charac-
terized by P = — 4.8 MHz and the hyperfine coupling of A = —
2.2 MHz for the given magnetic field orientation. The |...| notation
reflects that the ENDOR transitions are observable for both stimu-
lated emission and absorption.

The asterisk at 2.605 + 0.015 MHz in the low field spectrum and
at 4.778 + 0.015 MHz in the high field one denotes the nuclear
magnetic resonance of '>C which is in good agreement with the
literature value of v,/27m = 10.708 4 MHz/T considering the accuracy
of the measurement of the external magnetic field.

The present ENDOR study is enabled by the high NV~ concen-
trations in our samples; these can thus be useful for future mag-
netic resonance experiments in e.g. sensor applications such as
sensing the vector of magnetic fields [52]. Besides, given that
ENDOR is a potential candidate for the realization of solid-state
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quantum computing [45,46], our study opens the way for this
realization in moderate magnetic fields and frequencies.

4. Conclusion

We presented the stepwise synthesis and characterization of
nitrogen-vacancy centers in neutron/electron irradiated HPHT
diamond. Based on CW electron paramagnetic resonance, we
quantitatively analyzed the samples and determined the NV~
center concentrations. We found that the EPR based sample char-
acterization can be best used for samples with high density of NV~
centers where optical methods fail. The highest attained NV~
concentration is 15 ppm. We observe the signal of charged va-
cancies in electron irradiated samples which disappears upon
thermal annealing and the defects transform to NV~ with a 25%
transformation efficiency. After each irradiation and annealing step,
a high-quality diamond sample is recovered thus a lasting irradi-
ation has no permanent effects. Pulse electron paramagnetic
resonance reveals that spin-lattice and spin-spin relaxation times
depend on the NV~ center orientation. We also presented the first
X-band ENDOR results on the diamond NV~ and the hyperfine and
quadrupole couplings determined by carrying out electron-nuclear
double resonance experiments are in good agreement with previ-
ous studies.
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