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ABSTRACT

Fluorescent defects in noncytotoxic diamond nanoparticles are candidates for qubits in quantum computing, optical labels in biomedical
imaging, and sensors in magnetometry. For each application these defects need to be optically and thermodynamically stable and included
in individual particles at suitable concentrations (singly or in large numbers). In this Letter, we combine simulations, theory, and experiment
to provide the first comprehensive and generic prediction of the size, temperature, and nitrogen-concentration-dependent stability of optically

active N—V defects in nanodiamonds.

The well-documented thermal, mechanical, and electronic
properties of the various allotropes of carbon, along with
their chemical compatibility with other types of nanomate-
rials, make nanocarbon-based devices an attractive prospect
for a variety of applications.! Among them, nanosized
diamond is unique, since the surfaces may be functionalized
and the lattice may contain optically active defects. These
defects possess unique optical and spin properties and are
already proven candidates for solid-state qubits for use in
quantum information technologies.>® New, emerging ap-
plications are also being identified for nanodiamonds in
biotechnology and nanomedicine,* such as drug delivery,>®
spin imaging,”® and fluorescent biomarkers.*’ In the latter
case, an advantage of fluorescent nanodiamond probes over
alternative materials'~!? for long-term tracking and imaging
in vivo is, in part, based on their nontoxicity to a number of
cell types.>37!5 In addition to this, nanodiamonds emit
photons capable of penetrating tissue'® and exhibit a very
high degree of photostability.'’”!” Each application has
different nanodiamond material requirements and rely heavily
on understanding the behavior and stability of defects in
nanoscale hosts.?

The most widely studied defect in nanocrystalline diamond
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is the nitrogen—vacancy complex (N—V)?'22 (or color
center) which forms when a vacancy migrates to bind with
a substitutional nitrogen impurity.?!"> The energy-level
structure of the negatively charged (N—V)~ defect results
in emissions characterized by a narrow zero-phonon line
(ZPL) at 637 nm (the neutral (N—V)° center has a zero-
phonon line at 575 nm)>"?%?7 accompanied by a wide
structured sideband of lower energy due to transition from
the same excited state, but with formation of phonons
localized on the defect. The optical emission from N—V
centers in diamond nanocrystals synthesized by chemical
vapor deposition (CVD) has been shown to strongly depend
on the crystal size and was rarely seen in small diamond
nanoparticles <~40 nm in diameter.?? Photophysical char-
acteristics for 25 nm particles have been reported,?® and most
recently N—V emission from 5 nm detonation nanodiamond
agglomerates® and isolated 8 nm diamonds* was shown.
To date, all available data point to a strong dependence on
crystal size and surface/volume ratio. In order to realize in
full any of the diverse applications for N—V centers in
nanodiamonds, a clearer understanding of this dependence
is imperative. In particular, a predictive model which may
be reliably coupled with experimental measurements would
be invaluable in reaching this ambitious goal.

The need for stable fluorescent nanodiamonds at different
size regimes, targeted to different applications, has prompted
renewed interest in aspects such as the surface structure and



reactivity, core crystallinity, and the location and stability
of defects in diamond. The study of impurities and defects
within isolated diamond nanomaterials®** 32 and nanocrys-
talline diamond films**73¢ with grain sizes in the order of
~5—100 nm is receiving considerable attention. This atten-
tion has been from both experimental and theoretical
perspectives, but most of the theoretical studies reported to
date have concentrated on exploring the location and
configuration of substitutional nitrogen in single crystal (bulk)
diamond and colloidal nanodiamond, and not to the N—V
complex itself.

In this paper we present a combination of computational,
theoretical, and experimental results examining the size
dependence and stability of the N—V center in nanodiamond.
To begin with, we undertook computational modeling to
sample the configuration space of (N—V)? and (N—V)~
defects by substituting individual defects at over 50 geo-
metrically unique sites along specific lattice directions in
representative diamond nanoparticles containing 837 carbon
atoms (~2.3 nm in diameter). These calculations were
performed using the density functional based tight-binding
method with self-consistent charges (SCC-DFTB),** which
is a two-center approach to density functional theory (DFT)
where the Kohn—Sham density functional is expanded to
second order around a reference electron density. The
reference density is obtained from self-consistent density
functional calculations of weakly confined neutral atoms, and
the confinement potential is optimized to anticipate the charge
density and effective potential in molecules and solids. A
minimal valence basis is established, and one- and two-center
tight-binding matrix elements are explicitly calculated within
DFT. A universal short-range repulsive potential accounts
for double counting terms in the Coulomb and exchange-
correlation contributions, as well as the internuclear repul-
sion, and self-consistency is included at the level of Mulliken
charges, as described in ref 44. This method has the
advantage of being nonperiodic and has been selected for
use here as it has previously been shown to be suitable for
studying the crystallinity of diamond nanoparticles,* the
electronic properties,*® and the distribution of substitutional
nitrogen.?’

The particles used in this study are a Csz; truncated
octahedral bucky-diamond, and a hydrogenated Cgs7Hos,
truncated octahedral nanodiamond, each displaying six {100}
facets and eight {111} facets. The defects were introduced
individually along specific “substitution paths”, so as to
sample the full range of crystallographically and geo-
metrically unique lattice sites within the particle, to ef-
fectively sample the configuration space. In the interest of
brevity, a full description of these “substitution paths” is
given in ref 37, but in short, paths A, B, C, D, and E extend
from the centrosymmetric lattice site out to the terminal site
along directions analogous to the X, L, U, K, and W
directions in the diamond Brillouin zone, respectively. In
the present study, all test structures were first fully prerelaxed
using the conjugate gradient scheme to minimize the total
energy, before inclusion of the N—V defects. Following
inclusion of the defect, the entire structure has then been
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rerelaxed using the same method. In both cases, the
convergence criterion for a stationary point was 10™* a.u. &~
5 meV/A for forces.

Presented in Figure 1 are the final site dependent defect
energies for the (a) hydrogen passivated nanodiamond and
(b) bucky-diamond. Bucky-diamond is an all-carbon core—shell
particle with an sp>-bonded diamond-like core, partially or
completely encapsulated by an sp>-bonded fullerenic/
graphitic (single- or multilayer) outer shell, while a hydrogen-
passivated nanodiamond is an all sp> diamond particle with
each undercoordinated surface atom terminated with (a total
of 252) hydrogen atoms.*® In reality, nanodiamonds may be
coated with a number of different chemical groups,*® but
hydrogen is traditionally used to test the generic effect of
passivation, which is of interest here. Together, the bucky-
diamond and H-terminated nanodiamond structures allow us
to investigate the influence of the most important types of
surface structures (being graphitized or passivated, respec-
tively). Corresponding results for charged defects are pre-
sented in Figure 1c and Figure 1d, respectively.

In Figure 1, the x-axis represents a scaled (dimensionless)
nanoparticle radius defined by dividing the distance from
the center to the vacancy site ry by the total distance from
the center to the extremis (Ry) of each path (X). Hence /R
= 0 is the center, and /R = 1 is the outermost vacancy site
located on a surface, edge, or corner. Similarly, relative
energy (E,x — Ep) is the total energy of the nanoparticle
with a defect at r along X relative to the energy of the
nanoparticle with the vacancy in the centrosymmetric posi-
tion (r = 0). This figure provides an effective potential energy
surface for (N—V)? and (N—V)~ in diamond nanoparticles
with the two dominant surface structures observed experi-
mentally.

We are first struck by how different the results are for the
bucky-diamond and the hydrogen-terminated nanodiamond
and how little the anionic charge affects the thermodynamic
stability. In the case of the passivated Cgsz;Hpsy structure
(Figure 1, parts a and c), (N—V)? defects are relatively stable
within the particle until the substitution site is within three
atomic layers from the surface/edge/corner. The small energy
fluctuations for 7/R < 0.6 are due to the redistribution of the
excess charge from the donor electron that occur when the
defect site is within the Bohr excitonic radius of the particle
extremes.*’ In this region, the nitrogen atom is sp® hybridized
and the configuration of the defect is constrained. Although
the defect is thermodynamically unfavorable, the energetic
barrier for a transformation to a lower energy configuration
is too high. At #/R > 0.7 there is a ~1.5—4.5 eV thermo-
dynamic driving force for diffusion that increases the closer
the vacancy is to the surface/edge/corner.

In the Cg37 bucky-diamond structure (Figure 1, parts b and
d) the defect is highly unstable, and with a substantial
thermodynamic (up to ~6 — 9 eV) driving force for diffusion
within the particle core. In the bucky-diamond particles,
where the sp>-shell exists, the lattice parameter of the particle
is different from the bulk and a significant amount of strain
already exists in the particle. This energy barrier for distortion
of the (N—V)? and (N—V)~ defects is lowered, and depend-
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Figure 1. Stability of (a) (N—V)? in Cg37Hssz, (b) (N—V)? in Cgs7, (¢) (N—V)™ in Cgs7Haso, and (d) (N—V) ™ in Cgs;. Paths defined in ref

37 (as applied of substitutional N defects).

ing on the position of the defect the structure of the defective
region changes to reduce the total stress and the total energy.
This manifests as subsurface graphitization, since the defect
energies for (N—V)? and (N—V)~ are lower in sp>-bonded
regions, and a significant reduction in the site-dependent
defect energy. These transformations are common near the
surface of nanodiamonds, even when hydrogen-terminated,
and can be identified in the cores of bucky-diamonds by the
large energy fluctuations in parts b and d of Figure 1, which
appear as a series of local minima. More information on this
is provided in ref 37.

On the basis of these results, one may conclude that both
(N—V)? and (N—V)~ defects will be stable deep within the
core of diamond nanoparticles®® but will only stay that way
when the particles are sufficiently large so as to be
predominantly bulk-diamond-like or they have stable pas-
sivated surfaces. In the proceeding analysis, results for the
(N—=V)™ are used, denoted simply as N—V, but the results
for the neutral (N—V)? defect have been calculated and are
equivalent to (N—V)~ within the accuracy of the theoretical
and computational methods applied. This is intuitively
obvious when one considers the similarity of the raw data
(Figure 1), upon which the following analysis is based.

It is also possible to use these results to predict the
effective concentration of defects and the probability of
observation based on the kinetic barriers. The probability of
observation (Pg,s(R,Ex)) of a N—V defect in a diamond
nanoparticle of radius (R) is a function of the kinetic energy
during probing Ex, the probability that the defect will diffuse
to the surface and escape (P.s.(R,Ex)) and the probability
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that a N—V defect will be initially created during synthesis
(Ptorm(R)), such that

Pobs(R’ EK) = Pform(R)[] - Pesc(R’ EK)] (l)

The probability of the formation of a N—V defect will be
proportional to the concentration of nitrogen present during
synthesis (C), the kinetic energy during growth (Ex growth)s
and will be a function of the characteristic energy of the
defect E4 at a position r. This may be approximated by a
Boltzmann function, so that

R
PR = C 2 P(r) exp(—E((N/Eg geowin) 2)
r=0

where P(r) is the probability of the defect being at r, when
0 < r < R. We can see from the results above that there are
two distinct structural environments which may surround an
N—V defect. It may be in a sp>-bonded environment, in the
bulk-like core region, or in a sp>-bonded environment, such
as in the shell or when the defect induces localized subsurface
graphitization. We may therefore simplify this to

Pform(R) = C[Pcore(Rcore) eXp(_E‘d,core/E'K,growth) +
Pshell(R - Rcore) eXp(_Ed,shell/EK,growth)] (3)

where Ey o 18 the characteristic energy of the defect in the
sp>-bonded core region, Egg.n is the characteristic energy
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of the defect in the sp>-bonded shell region, R is the radius

of the core, and Py, and Py, are the probability of the defect
being located in the core and shell, respectively. In the case
of the former terms, it is possible that coating the surface of
the particle with oxygen (or another molecule) would give
slightly different computational results in the shell, but it is
unlikely that the extent of the shell region would be altered
as this has been shown to be related to the excitonic radius
of the nitrogen and not to the specific surface chemistry.?’

In addition to this, the configuration of the defect is different

in the shell and is not likely optically active, as it is in the

core. The latter are related to the fraction of atoms occupying
each region, so that we may use Peoe = Neore/ N and Py =

1 — N.o/N. Shenderova et al.*' determined that the total
number of atoms (V) in a cuboctahedral diamond particle
with n atoms along the (111)/(111) edge is given by

%n(Zn + 1D)(5n + 2) Vne (2,4,6,8,..)
%(mn3 + O +2m—9) Vne (1.3.5.7...)
4)

Since we know from the energy calculations presented
above that the shell region consists of four to eight atomic
layers for H-terminated nanodiamond and unpassivated
bucky-diamond, respectively (see Figure 1), we can also use
this formula to determine N, by simply calculating the
number of atoms in a particle that is the size of the core.
Note that if the nanoparticle has less than five atoms along
the (111)/(111) edge, then it is effectively “all-shell”, as
indicated in ref 37.

Similarly, the total probability of escape will be a
combination of contributions from the core and shell regions.
Each probability of escape will be a function of the input
kinetic energy (Ek), due to a combination of the probe and
the environment, and the escape energies. These escape
energies are denoted by Ecg core(Ex) and Eegc snen(Ex) for the
core and shell, respectively, and are once again described
using Boltzmann function. If the Ex of the probe is
significantly lower than the escape energy for each region,
then P..(Ex) will be negligible, whereas when Ex = E(Ex)
the probability for diffusion approaches unity in that region.

Hence, the total probability of escape, Pes.(R,Ek), is

Pesc(R’ EK) = [Pcore(R)Pesc,core(EK) + Pshell(R)]Pesc,shell(EK)

)
N — N,
= — exp(_Eesc,core/EK) + N ==
exp( - Eesc,shell/EK)
Where Eesc,core = l Ediff,core - Ed,core l and Eesc,shell = l Ediff,shell

— Eq4gnen | are the differences in the kinetic barrier to diffusion
Egir and the energy of the static defect Ey, in the core and
shell, respectively. Therefore, the calculation of P, (R,Ex)
requires only C, Eqcores Eqshents Edittcore> aNd Egigt she-

The average values of Ey.n. and Eggen have been
calculated explicitly for nanodiamond. We find that Ey o
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Figure 2. Probability of observation of stable N—V defect in
diamond nanoparticles: (a) over a range of particle diameters and
kinetic energies during probing (using CVD growth conditions: C
= 0.1% and Tgown = 800 K), and (b) for 30 nm particles over a
range of synthesis temperatures and concentrations of nitrogen

present in the precursor materials. Note the difference in vertical
scales.

= 5.17 £ 0.2 eV, and Ey ey is 0.60 £ 0.2 eV in the Cgs;
bucky-diamond and 3.81 + 0.2 eV in the Cg3;Hps, H-
terminated nanodiamond. These values are obtained from
the same data sets displayed in Figure 1, where Ej o has
been subtracted to obtain the relative particle energies in each
case. The diffusion of N—V defects is vacancy assisted and
is dominated by the N—C exchange energy. Given that the
sp>-bonded core is defined as being bulk diamond-like, we
have calculated the diffusion barrier for a neutral N—V defect
in bulk diamond to be Egicore = 6.68 £ 0.2 eV, which is in
good agreement with previously reported values.>**? Simi-
larly, as we have defined the sp>-bonded shell to be graphitic,
we have calculated the (c-axis) diffusion barrier for a neutral
N—V defect bulk graphite to be Egsnen =13.3 & 0.2 eV.
With Ex = 800 °C and C = 0.1% from experiment,?? an
estimate of the probability of observation of a N—V defect
in H-terminated nanodiamond is shown in Figure 2a. We
can see that particles <~22 nm in diameter have a < 1%
probability of containing a stable N—V defect, even under
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Figure 3. Probability of observation of N—V defects in diamond nanoparticles measuring (a) 90 nm, (b) 50 nm, and (c) 5 nm in diameter

The traditional synthesis parameters (Tgrown and C) corresponding to high-pressure high-temperature (HPHT), chemical vapor deposition
(CVD) and detonation or ultradispersed (UDD) particles are marked. Note the difference in vertical scale in (c).

ambient conditions. Alternatively, eq 1 is also dependent on
the synthesis temperature (Ex,gown) and C, as we can see
from eq 2, so a complementary plot representing the
formation conditions may also be generated. This is contained
in Figure 2b, where the probability of observation as a
function of the synthesis temperature and the nitrogen
concentration in the precursor materials is given. As one
would expect, increasing the synthesis temperature and
quantity of N in the precursors increases the probability that
N—V defects will be present in the lattice. Naturally, these
estimations assume that diffusion occurs on the same time
scale as observed in bulk diamond and graphite.

Together the computation and theoretical results indicate
that the stability of N—V centers is greater within the core
of nanodiamonds, and hence the probability of observation
is greater for larger particles (where a greater number of
lattice sites occupy the core region). They also show how
the growth temperature and N concentration affect the
incorporation of N—V centers and provide a predictive
framework in four-dimensional (D,Ex,Egown,C) space. A 4D
comparison of this type cannot be achieved via exclusively

Nano Lett,, Vol. 9, No. 10, 2009

computational or experimental techniques without undertak-
ing a very large number of individual investigations and then
mapping the results onto the manifold. As mentioned above,
there are three distinct synthesis methods used to produce
diamond nanoparticles, each resulting in characteristic sizes,
morphologies, and end uses. To see how this model relates
to different diamond nanoparticles produced with different
synthesis techniques, we refer to Figure 3, where results are
predicted for HPHT nanodiamond, CVD nanodiamond, and
the highly desirable detonation or ultradispersed diamond
(UDD) nanoparticles.

Experimental measurements have been conducted to
determine the relationship between the size of a diamond
nanocrystal and the probability of finding optically active
N—V center(s) in them. Observations of the efficiency of
N—V in nanocrystalline diamond films produced using the
CVD method have previously been reported for a sample
with ~20 nanocrystals exhibiting characteristic fluores-
cence.” In this case the probability of measuring N—V
defects was found to decrease from around ~15% in grains
~100 nm in diameter to around 2% for grains between 60
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Figure 4. (a) Combined confocal/AFM system setup. (b) Confocal system image: bright fluorescing spots indicate emission from N—V
center(s) in nanodiamond crystals. (c) Corresponding atomic force microscope (AFM) image of nanocrystalline diamonds deposited on
quartz substrate: the brightness of the spots is directly proportional to the height of the crystals themselves.

and 70 nm in diameter. Results corresponding to H-
terminated CVD nanodiamond observed at room temperature
are shown in Figure 2a, where we predict a probability of
between 2 and 3% for N—V stability in particles between
60 and 70 nm in diameter. This is in good agreement with
the previously reported experimental results.?? Alternatively,
using the computational results in Figure 1 and diffusion
barriers for graphitized bucky-diamond particles in eqs 3 and
5 gives a prediction of the probability of N—V defects being
stable in 5 nm UDD nanodiamonds at room temperature
(with 300 ppm of nitrogen) of 0.0017%, and only 0.00004%
in 3 nm particles. While this is incredibly low, the theoretical
prediction is in good agreement with the experimentally
measured value of 0.00015% reported in ref 28. The variation
in the predicted values for UDD are due to the particle size
but may alternatively be introduced if we assume a mono-
disperse sample and allow for variations in temperature or
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nitrogen concentration. In the case of a 4 nm particle, a
probability distribution of 0.0006 + 0.0002% can equally
be due to a difference in the probe kinetic energy of +0.1
eV or a difference in the source nitrogen concentration of
4100 ppm. Using the model herein, it is a simple matter to
assess the uncertainties associated with the natural distribu-
tions in real samples; however a statistically robust com-
parison with experiment is required before this model can
be trusted as a generic predictor of N—V stability in
nanodiamonds, in particular focusing on the HPHT nano-
diamonds which have not yet been explicitly measured in
this context.

Measurements of HPHT nanodiamond were carried out
by analyzing a sample region of 50 x 50 um, containing a
total of 3690 diamond nanocrystals (~1.5 crystals per um?),
94 of which exhibited N—V fluorescence. Figure 4 shows
the data set from the analyzed sample, collected with the

Nano Lett.,, Vol. 9, No. 10, 2009
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combined confocal/atomic force microscope (AFM) system
(Figure 4a). The sample we studied consisted of monocrys-
talline diamond powder (Microdiamant, MSY 0—0.1 um)
dispersed on a 170 um thick glass coverslip (Menzel-Glaser).
The sample was characterized with a lab-built, room tem-
perature confocal sample-scanning fluorescence microscope
(100x oil immersion objective lens, NA 1.4) combined with
a commercial AFM system (NT-MDT) as similarly described
in ref 22. Excitation of the N—V centers was achieved with
a 532 nm continuous-wave diode pumped solid-state laser
(Coherent, Compass). A notch and long pass filter were used
in detection to cut off the pump laser beam and to measure
the red-shifted fluorescence of the N—V centers, as shown
in Figure 4a.

The laser of the confocal system and the cantilever tip of
the AFM were aligned to be coincident on the sample. This
alignment allowed direct comparison of the fluorescing N—V
centers and the host crystal in which the N—V’s themselves
were incorporated. Identification of the N—V fluorescence
was measured using a commercial spectrum analyzer (Prin-
ceton Instruments, Acton 2500i). A Hanbury Brown and
Twiss (HBT) interferometer was then used to determine if
the detected fluorescence was due to single or multiple N—V
centers by measuring the second-order correlation function
(g®(1) = ULt + 1)/I(1)*)). g? is the probability of detecting
two simultaneous photons (r = 0) normalized by the
probability of detecting two photons at once for a random
photon source: an “antibunching” dip in g® indicates sub-
Poissonian statistics of the emitted photons and reveals the
presence of a single quantum-system which cannot simul-
taneously emit two photons. The contrast in g» ap-
proximately scales as 1/N, where N is the number of emitters.
The precise size of a crystal is therefore matched with the
number of N—V centers present inside that crystal.

In Figure 4b we see the confocal fluorescence data, where
the spots indicate fluorescing centers. Figure 4c is the
corresponding AFM data, where the spots identify the heights
of the crystals on the sample surface. Note that in (b) the
brighter regions correspond to a greater fluorescence inten-
sity, while for (c) the brighter regions correspond to a larger
vertical dimension of the corresponding crystal. Figure 5a
shows the raw coincidence c(7) (right axis) and the autocor-
relation function g®(r) (left axis) for three representative
crystals in the sample. The raw coincidence rate c(f) counted
during a time T within a time bin of width w is normalized
to that of a Poissonian source according to the formula Cn(7)
= ¢(t)/N\N,wT, where N,, are the count rates on each
detector of the HBT interferometer. The normalized coin-
cidence rate Cn(7) is corrected for the background light to
obtain the autocorrelation function g(¢) = [Cx(t) — (1 —
0)1/p% where p = S/(S + B) is related to the signal (S) to
background (B) ratio measured independently for each
emitter.*’*® Curves A and B correspond to crystals containing
more than one emitter (g®(0) > 0.5), and curve C shows
g?(0) ~ 0 indicating a single N—V center; the slight offset
from zero is attributed to the remaining background fluo-
rescence of the quartz substrate and of the diamond nano-
crystal hosting the color center.
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On the basis of this analysis, Figure 5b is a histogram of
the size distribution measured with the AFM for the 3690
nanodiamond crystals on the glass surface, and Figure 5c
shows the histogram of the probability of finding N—V color
centers in a range of crystal sizes.*’ Figure 5c indicates that
the probability of finding N—V centers in HPHT nanodia-
mond is negligible when the crystal diameter is <30—35 nm.
The probability of finding 1 N—V incorporated in a diamond
nanocrystal (Figure 5c, red) becomes significant for crystals
of ~35 nm in diameter, and a probability of finding more
than 1 N—V (Figure Sc, gray) becomes significant at ~55
nm in diameter. These thresholds assume the volume scales
approximately exponentially with the measured diameter and
that the vacancies have a higher probability to annihilate
when they are closer to the surface.'* These experimental
observations justify the assumptions made in eq 1, where
Pows(R,E) is related to the probability Pr,m(R) of having an
N—V defect initially formed, and the probability Pe.(R,Ex)
that the N—V defect (or associated vacancy) diffuses to the
surface and annihilates.

Both Pg:m(R) and P..(R,Ex) are a function of the radius
R of the particle, which can be directly related to the diameter
of the crystals measured experimentally and shown in parts
b and c of Figure 5. Our experimental observations suggest
that for the sample we characterized, a radius R = 15 nm
(approximately half of the measured height of 30—35 nm,
assuming a simple spherical shape for the host crystal with
the N—V center in the middle) is required to avoid the
vacancy diffusion—annihilation at the surface (Pes.(R,Ex) =
1). From the histograms of Figure 5 the probability of finding
N—V increases nonlinearly with crystal size, in agreement
with theoretical probabilities of finding 1 N—V in nanopar-
ticles of a certain size (see Figure 2a). Note that beyond 100
nm in diameter, the number of crystals present was too small
to be statistically significant (Figure 5). The experimental
measurements and theoretical predictions are directly com-
pared, as shown in Figure 5d, where we find they are in
excellent agreement.

We can see that the trend in experimentally measured
N—V content agrees with the theoretically predicted trend
for H-terminated or bucky-diamond (partially graphitized
surface), or some weighted combination of the two. Although
our samples were cleaned using strong oxidizing acids and
therefore the surfaces were oxygen terminated, as discussed
previously, the difference between an O or H terminated
diamond surface is essentially irrelevant until the defect is
very close to the surface (where it has already been shown
that N—V is not stable). Along with the predictions of the
stability and observation of photoactive N—V centers in
nanocrystalline diamond, this information is extremely useful
for those wishing to customize nanodiamond samples for
use in quantum or biomedical applications.?

We have successfully predicted the probability of measur-
ing stable (N—V)° center(s) or (N—V)~ center(s), since they
have been found to be thermodynamically equivalent in
diamond nanocrystals over the entire nanoscale and have
used computational results, a theoretical predictive model,
and direct experimental analysis to clearly demonstrate the
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Figure 5. (a) Autocorrelation function g®(#) (left) and raw coincidence rate c(f) (right) for three different crystals hosting N—V center(s).
(b) Histogram of the overall sizes of the diamond nanocrystals. The sample region examined is 50 x 50 um and the total number of crystals
found is 3690, with 2624 crystals whose diameter was less than 30 nm (data not shown). (c) Experimental measurements of the probability
of finding 1 N—V defect (red columns) and the probability of finding more than 1 N—V (gray columns) in HPHT diamond nanoparticles.
(d) Total probability for a given crystal size range to contain 1 or more N—V color center(s), at room temperature. Histogram: experimental
measurements combining the probability of finding 1 N—V defect and the probability of finding more than 1 N—V in HPHT diamond
nanoparticles. Lines: corresponding theoretically predicted probability, according to eq 5, of finding single N—V defects into diamond
nanoparticles for bucky-diamond (dashed) and for H-terminated nanodiamond (solid).

correlation between the probability and the size of the host
diamond nanoparticles. Both the theoretical and the experi-
mental approaches show a nonlinear increasing probability
of finding either N—V centers as the dimensions of the crystal
increase. The increasing trend varies depending upon the
synthesis methods (characterized by the temperature and
nitrogen concentration during growth) and the type of surface
terminations. A direct comparison of the size-dependent
probability for HPHT, CVD, and UDD samples with a probe
(kinetic) energy of 532 nm is shown in Figure 6, where these
differences are immediately apparent. In general, the results
for the hydrogen-terminated nanodiamond particles scale as
1/R?, whereas the bucky-diamonds scale as 1/R*72. This is,
of course, a consequence of the defects being stable only
within the core region of the bucky-diamonds, which has a
reduced radius with respect to the total size of the particle.
Our analysis is complementary to the previously reported
statistical Monte Carlo results (rather than competitive), as
it considers the probability of observation of an N—V in a
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given particle volume, as opposed to the probability of
diffusion of a vacancy via a random walk through the
diamond lattice.?® Unlike the previous study however, the
present approach allows for different surface structures,
growth temperatures, and probe energies to be considered
for the very first time.

Furthermore, the experimental measurements provide
additional identification of the critical dimension for which
(under the conditions employed) the probability of finding a
single N—V defect is optimal. We have demonstrated
experimentally and in theory that irrespective of the method
of incorporation, N—V defects are significantly more stable
in nanodiamond matrices with dimensions sufficiently large
to show at least some bulk-diamond behaviors. It has been
demonstrated experimentally that ion implantation can
enhance the occurrence of N—V in nanodiamonds relative
to as-grown material. In this paper we have described cases
where N is incorporated during growth, but our method could
also be applied to ion bombardment by replacing eq 3 with
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Figure 6. Probability of observation of (N—V)~ defects in diamond
nanoparticles produced using different synthesis methods, as a
function of diameter. The traditional synthesis parameters (7 growin
and C) corresponding to high-pressure high-temperature (HPHT),
chemical vapor deposition (CVD), and detonation or ultradispersed
(UDD) particles are used, and a probe kinetic energy of 532 nm
has been applied. Comparable results for the neutral (N—V)° defects
are indistinguishable within the model limitations.

an appropriate term or extending the model to include this
step.

In addition to the key results, the analysis presented in
this paper shows how theoretical and experimental ap-
proaches can work effectively together to improve our
understanding of diamond as a host to scientifically and
technologically important defects. We have generated and
verified a predictive framework for those working in different
application spaces wishing to understand the baseline proper-
ties of the available material. From this point, there exists
considerable scope for expanding the model to include a
range of processing conditions. A large portion of the
literature over the past few years, which details the consider-
able promise of N—V nanodiamonds in biological or physical
technologies, points to a similar road-block faced by
everyone: the challenge of controlling and optimizing the
available material. For instance, the recent ground breaking
results in nanodiamond based magentometry are highly
dependent on material size and quality. This work takes an
enormous leap forward in meeting these challenges by
strongly coupling an experimental and theoretical approach.
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