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ABSTRACT: While there is great interest in understanding the fate
and transport of nanomaterials in the environment and in biological
systems, the detection of nanomaterials in complex matrices by
ﬂuorescence methods is complicated by photodegradation, blinking,
and the presence of natural organic material and other ﬂuorescent
background signals that hamper detection of ﬂuorescent nanomaterials of interest. Optically detected magnetic resonance (ODMR) of
nitrogen−vacancy (NV) centers in diamond nanoparticles provides a
pathway toward background-free ﬂuorescence measurements, as the
application of a resonant microwave ﬁeld can selectively modulate the
intensity from NV centers in nanodiamonds of various diameters in
complex materials systems using on-resonance and oﬀ-resonance
microwave ﬁelds. This work represents the ﬁrst investigation showing how nanoparticle diameter impacts the NV center lifetime
and thereby directly impacts the accessible contrast and signal-to-noise ratio when using ODMR to achieve background-free
imaging of NV−nanodiamonds in the presence of interfering ﬂuorophores. These results provide new insights that will guide the
choice of optimum nanoparticle size and methodology for background-free imaging and sensing applications, while also
providing a model system to explore the fate and transport of nanomaterials in the environment.
distinguish ﬂuorescence of the ﬂuorophore probe from
competing optical signals such as scattering and autoﬂuorescence.19
Diamond nanoparticles containing NV centers have recently
emerged as a nanomaterial of great potential interest for
biological and environmental imaging.20−22 NV centers consist
of a substitutional N atom with an adjacent vacancy, forming a
highly stable, nonbleachable solid-state ﬂuorophore that exists
in neutral (NV0) and negative (NV−) charge states. NV− centers
can be excited using easily accessible visible wavelengths and
emit at wavelengths of 638−800 nm, a region well-suited to
imaging in biological samples.23,24 Furthermore, the high
chemical stability and ability to covalently functionalize the
surface of diamond provides a pathway to tailor the surface
properties of NV− nanodiamonds in a ﬂexible and highly stable
manner.25−27 The negatively charged NV center, NV−, is a
particularly novel ﬂuorophore because its ﬂuorescence intensity
is sensitive to the presence of magnetic ﬁelds28 and can be

O

ne of the key challenges of analytical chemistry is to
selectively identify individual species within complex
systems. An emerging problem of particular signiﬁcance and
diﬃculty is to understand the fate and transport of nanomaterials in environmental and biological systems.1−6 While the
past decade has witnessed outstanding progress in the
development of single-photon and subdiﬀraction optical
methods,7−9 the use of ﬂuorescence methods to characterize
nanomaterials is hampered by the fact that most ﬂuorescent
nanoparticles are unstable over the extended time course
(frequently days to weeks) associated with biological exposure
studies,10−13 and complex background signals associated with
environmental matrices frequently interfere with emission from
nanoparticles of interest.14,15 Organic chromophores can be
grafted onto nanoparticle surfaces but can be chemically ligated
by enzymes and other molecules, are subject to bleaching under
intense illumination, and can exhibit cytotoxicity.16 Consequently, there remains an unmet need for highly stable and
selective ﬂuorescent nanoparticles that are nontoxic and will
not degrade over extended times in environmental and/or
biological media, even under intense illumination.17,18 A
particularly acute challenge in environmental systems is to
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modulated by resonant excitation with a weak microwave
excitation,29 a technique known as optically detected magnetic
resonance (ODMR).30 ODMR is enabled by the fact that the
NV− defect is a triplet spin system with magnetic sublevels
separated by microwave frequencies and by relaxation dynamics
that make the intensity of NV− ﬂuorescence sensitive to the
distribution of spins into these sublevels. ODMR is important
for imaging applications because it provides a way to selectively
modulate the intensity of NV-containing nanodiamonds using
relatively weak microwave ﬁelds, while the vast majority of
other ﬂuorescent moieties remain unaﬀected by the microwaves. Thus, ODMR provides a way to selectively identify
ﬂuorescence from diamond nanoparticles in the presence of
autoﬂuorescence, scattering, and other spectrally overlapped
background signals.28,31 In addition to imaging in biological
systems,29,32,33 ODMR can also be used in principle as a probe
of local magnetic ﬁelds,34−38 electric ﬁelds,39 spin,40 and
temperature.41 Thus, ODMR in nanodiamond has great
potential as a quantum-based analytical tool for addressing a
wide range of analytical sensing and selective imaging problems.
Although the properties of NV centers have been widely
studied in bulk diamond,42 the factors controlling the use of
ODMR to achieve selective imaging of nanodiamonds in the
presence of background emitters remain poorly understood.43−47 Of particular importance is that while the charge
state and dynamics of NV centers have been known to depend
on nanoparticle size,48−52 the manner in which nanoparticle
size inﬂuences the underlying dynamics and the resulting
contrast and signal-to-noise ratio of ODMR for selective
imaging in environmental and biological systems has not been
established previously.
Here, we present studies of the critical factors controlling the
ability to selectively image NV− nanodiamond in the presence
of other ﬂuorescent moieties using ODMR in a full-frame
imaging conﬁguration and in spectroscopic mode, using NVcontaining nanodiamonds of diﬀerent sizes derived from the
same starting material and thereby having a constant density of
N V centers. We demonstrate selective imaging of N V −
nanodiamonds down to 40 nm diameter by direct digital
subtraction of full-frame images acquired with a weak
microwave ﬁeld alternatively applied oﬀ-resonance and onresonance. Full-frame imaging and spectroscopically resolved
data using nanodiamonds of diﬀerent sizes derived from a
common starting material (thereby ensuring constant NV
concentration) show that the selectivity associated with
ODMR imaging decreases for small nanodiamonds due to
both a shift in the NV charge state from the negatively charged
NV− center to the neutral NV0 center and due to nonradiative
relaxation processes associated with the nanodiamond surfaces.
Our results highlight the important physical processes and
imaging conditions that control the signal-to-noise ratio
associated with the use of ODMR to achieve selective imaging
of nanodiamond in the presence of background signals such as
nondiamond ﬂuorescence and/or scattering. These insights will
inform the use of NV-containing nanodiamonds in backgroundfree imaging and guide the understanding of how to use the
unique magnetic resonance properties of NV nanodiamond to
enable new approaches to background-free, selective imaging of
nanomaterials in complex matrices.

centers were provided by Adámas Nanotechnologies (Raleigh,
NC, USA) with nominal diameters ranging from 10 to 100 nm.
A 15 μm diameter NV-implanted diamond powder was also
provided. NV centers were produced by irradiating 15 μm and
100 nm particles with 2 MeV electrons to a dose of 5 × 1018
e−/cm2, followed by annealing at 850 °C for 2 h and cooling to
room temperature. Nanoparticles with 10, 20, 30, 40, and 60
nm diameters were made by mechanically fracturing the larger
15 μm diameter material after activation and annealing. The
micrometer-sized particles were milled in a planetary mill using
ceramic 1 cm diameter balls, puriﬁed from milling media in HF
and HNO 3 acids, washed with deionized water, and
fractionated into smaller sizes in deionized water media using
an ultracentrifuge with up to 45,000 RCF for 4 h for the
smallest 10 nm particles. Since NV centers were formed in the
15 μm diamond before fracturing into smaller sizes, our
procedure ensures that nanoparticles of all sizes have the same
total concentration of NV centers, distributed between the two
charge states NV0 and NV−. The 100 nm particles were
processed separately by the same method. The total substitutional nitrogen content (Ns) in 15 μm and 100 nm starting
material was determined to be ∼100−120 ppm as measured by
electron paramagnetic resonance (EPR).53 The concentration
of negatively charged NV− centers was also determined by EPR
for each size, yielding values of 4 ppm for 15 μm, 2.5 ppm for
100 nm, 1.5 ppm for 60 nm, and below 1 ppm for 10, 20, 30,
and 40 nm diameter particles. Detailed procedures for the EPR
measurements are in the Supporting Information (SI). Each
nanodiamond sample was characterized by dynamic light
scattering (Malvern Zetasizer Nano ZS) and by transmission
electron microscopy (TEM) to assess particle size and
distribution (see the SI).
Measurement of Emission Spectra. Spectra were
measured using the apparatus depicted in Figure 1. Emission

Figure 1. Optical apparatus for performing emission spectra, imaging,
and optically detected magnetic resonance experiments.

spectra were collected using a 532 nm continuous-wave diode
pumped solid-state laser (Opto Engine LLC, MLL-FN-532500m) typically using 100 mW focused onto the sample using a
40× microscope objective. The ﬂuorescence was collected
using the same lens, ﬁltered using a dichroic mirror (Semrock,
FF553-SDi01-25×36) and a 532 nm line-reject ﬁlter (Semrock,
NF01-532U-25) and focused into the 25 μm slit of an Andor
Shamrock 193i monochromator with a grating blazed at 760
nm and 150 lines/mm. The detector was an Andor iStar
intensiﬁed CCD (DH334T-18F-03). All spectra presented here
were calibrated using the 532 nm laser line. For optical
measurements, a small aliquot of 10 μL of nanodiamond
solution was dried onto a cover glass. A consistent procedure
was followed for deposition of the nanodiamonds using
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EXPERIMENTAL SECTION
Nanoparticles. Suspensions of oxidized, size-selected (0.1%
by weight) nanodiamond with enhanced concentrations of NV
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dispersions of the same mass concentration; consequently, the
mass density of nanoparticles and the area density of NV−
centers are expected to be similar between diﬀerent samples.
Microwave Modulation. A 50 Ω impedance-matched
antenna was fabricated on top of the cover glass using
photolithography and metal lift-oﬀ processes. This antenna,
described previously,54 consists of a circular loop approximately
1 mm in diameter. Microwaves were generated by an Agilent
E8251A PSG-A series microwave source and ampliﬁed by a
power ampliﬁer (ZVE-3W-83+ from Minicircuits) with a power
gain of 35 dB and a saturated power of 35 dBm. Experiments
reported here used 16 dBm output power from the source,
before ampliﬁcation.
Diﬀerential Imaging with Microwave Modulation.
Diﬀerential imaging was performed using the apparatus
shown in Figure 1a with a 20× microscope objective. Images
of the same location were collected using 2.87 GHz (onresonance) and 2.93 GHz (oﬀ-resonance) microwave frequencies. Images were registered and digitally subtracted (oﬀresonance−on-resonance) to yield a diﬀerential image where
the ﬂuorescence intensity of the NV− centers have been
modulated by the resonant microwave ﬁeld.
Fluorescence Lifetime Measurements. Fluorescence
lifetime measurements were collected using a 3 ns, 20 Hz
repetition rate 532 nm Nd:YAG-laser (Ekspla, NT 342B-SH20-AW) to excite nanodiamonds dried onto a CaF2 disc using a
5× microscope objective; the ﬂuorescence was collected using
the same lens, ﬁltered using a dichroic mirror (Semrock,
FF553-SDi01-25×36) and a 532 nm line-reject ﬁlter (Semrock,
NF01-532U-25). Fluorescence was collected using a biased Si
photodiode (Thorlabs, DET025A) and recorded on an
oscilloscope (Agilent Technologies, DSO9404A, 4 GHz). The
resulting ﬂuorescence time traces were ﬁt to a singleexponential decay.

Figure 2. (a) Nanodiamond size-dependent emission of NV centers
with zero phonon lines (ZPLs) of the neutral and negative charge
states. (b) Schematic illustration of ODMR, where |g⟩ is the electronic
ground state, |e⟩ is the electronic excited state, and |s⟩ is a metastable
singlet state. The |g⟩ to |e⟩ transition has a zero phonon line at 637 nm.
(c) Microwave frequency-dependent photoluminescence emission on
100 nm nanodiamond. The decrease in emission intensity at 2.87 GHz
corresponds to resonant excitation of the spins.

■

RESULTS
Emission and Optically Detected Magnetic Resonance from Nanodiamond Samples. Figure 2a shows
typical emission spectra obtained from nanodiamond samples
of diﬀerent diameters. The negatively charged NV− center emits
with a zero phonon line at 637 nm and a broad phonon
sideband extending to nearly 750 nm; the neutral NV0 charge
state has a zero phonon line at 575 nm and a sideband to longer
wavelengths that overlaps with emission from the NV− state.
These spectra are similar to those reported previously,
exhibiting increased emission from the neutral NV0 center as
nanodiamond size decreases.47 The spectra reported here were
individually normalized to demonstrate the changes in spectral
distribution. The smaller nanodiamonds also show weaker
emission overall. At the smallest sizes the emission spectrum
exhibits additional features near 550−570 nm arising from
Raman scattering from diamond and nondiamond carbon.
These features appear more apparent for small-sized nanodiamond because the NV− emission is weaker.
Based on the spectra in Figure 2a, we selected nanodiamonds
for further investigation by ODMR.30 Figure 2b depicts the
overall scheme of resonant-microwave-induced ODMR.
ODMR involves three phenomena: (1) optical spin-pumping
preferentially pumps spins into a speciﬁc magnetic sublevel (ms
= 0) of the ground electronic state; (2) the intensity of emitted
ﬂuorescence depends on the distribution of spins, with |e,|
ms=0⟩ → |g,ms=0⟩ transitions more intense than |e,ms=±1⟩ → |
g,ms=±1⟩ transitions; and (3) excitation with microwaves at the

resonance frequency re-distributes the spin population among
the magnetic sublevels, thereby altering the intensity of
ﬂuorescence.
In ODMR, a continuous-wave excitation at 532 nm excites
spins from the ground electronic state |g⟩ (=3A2) to the ﬁrst
excited electronic state |e⟩ (=3E). Prior studies have shown that
the optical transition dipoles are identical for all three magnetic
sublevels.55 However, intersystem crossing to a dark singlet
state occurs faster for the |e,ms=±1⟩ states than for the |e,ms=0⟩
sublevel. Consequently, the intensity of emission from the |
e,ms=0⟩ sublevel is greater than that from the |e,ms=±1⟩
sublevels. At suﬃciently high excitation intensity, repeated
excitation−relaxation cycles lead to depletion of the |g,ms=±1⟩
sublevels and pumps spins into the |g,ms=0⟩ sublevel. The NV−
center has a zero-ﬁeld splitting between the |g,ms=0⟩ to |g,ms=
±1⟩ sublevels, but the |g,ms=+1⟩ and |g,ms=−1⟩ levels are
degenerate in the absence of a magnetic ﬁeld (as in all
experiments reported here). If a strong microwave ﬁeld at a
frequency ν is applied whose energy hν matches the energy
diﬀerence between the |g,ms=0⟩ and |g,ms=±1⟩ levels, then the
population of the magnetic sublevels will be equalized. This
equalization decreases the population of spins in the |g,ms=0⟩
state and consequently reduces the total intensity of
ﬂuorescence emitted by the NV− center.
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separated by a barrier layer made from a silicone polymer. In
this way, both ﬂuorescent materials were located within the
optical system’s ﬁeld of view at the same time, facilitating
quantitative analysis of relevant imaging characteristics. Ruby
particles were used in these tests because ruby’s ﬂuorescence
spectrum, consisting of two sharp peaks near 700 nm with
phonon sidebands extending from ∼670 to 730 nm (shown in
the Supporting Information) is spectrally overlapped with that
of nanodiamond and does not bleach, providing a reproducible,
spectrally overlapped comparison sample for testing purposes.
In these experiments, the detection optics included only a 532
nm notch ﬁlter to reject laser scatter; all other emission
wavelengths, including emission from NV0 nanodiamond, ruby,
and Raman scattering, were collected.
Figure 4 shows a series of raw and processed images from
100, 40, and 10 nm nanodiamond. The top two panels in
Figure 4 show raw grayscale images of regions containing
nanodiamonds and ruby particles obtained with microwaves
applied oﬀ-resonance (2.93 GHz, Figure 4a,f,k) and onresonance (2.87 GHz, Figure 4b,g,l) using a conventional
grayscale mapping. For each nanodiamond size, the oﬀresonance and on-resonance images appear nearly identical.
However, taking the diﬀerence between the images as I2.93 GHz
− I2.87 GHz yields images (Figure 4c,h,m) that reﬂect the spatial
variations in microwave-induced modulation of the ﬂuorescence intensity, which we refer to as the “ODMR diﬀerence
image”. Since diﬀerence values can be positive or negative,
these data are represented here as a grayscale image with
midgray representing no modulation and white regions,
indicating a decrease in intensity upon application of a resonant
microwave ﬁeld. Thus, under these conditions, it is expected
that only nanodiamond should exhibit a positive signal, while
ruby and other ﬂuorescence chromophores, along with
scattered light, should yield signals near zero. To illustrate
the signal changes more quantitatively, the fourth row of images
(Figure 4d,i,n) shows cross-sectional line cuts through the
ODMR diﬀerence images along the dashed orange lines. These
cross-sectional images show that in the nondiamond regions
the signal ﬂuctuates about zero. These ﬂuctuations in intensity
are higher in the region containing ruby compared with those
in the region containing the hydrophobic barrier layer,
demonstrating that non-ODMR ﬂuorescence signals contribute
noise to the diﬀerential images.
To achieve a more robust signal-to-noise analysis, we note
that for photon-counting systems the signal-to-noise ratio is
typically limited by shot noise in the number of counts
detected. Thus, noise, ΔNshot, scales like the absolute number of
counts N as ΔNshot = √N. Here, 104 < N < 107 at all points in
each image and the absolute diﬀerences between on-resonance
and oﬀ-resonance images are ≪N. Under these conditions
noise in each pixel of the diﬀerence image will scale
approximately as ΔNshot = 2N , where the 2 arises from the
assumption that the noise in the on-resonance and oﬀresonance images are uncorrelated with each other. Since the
modulation in intensity between oﬀ-resonance and onresonance images is small (a few percent), the shot noise at
each pixel is approximately ΔNshot = Noff‐resonance . The signalto-noise ratio at each pixel for the ODMR experiment can then
be predicted to be

Figure 2c shows a swept-frequency ODMR experiment on
100 nm NV nanodiamond. In this case, an avalanche
photodiode (PicoQuant, τ-Spad) was used to collect and
detect ﬂuorescence. The gigahertz frequency microwave signal
was amplitude-modulated at 200 Hz, and a lock-in ampliﬁer
(Signal Recovery 7265) was used to record the synchronized
200 Hz modulation in the detector output as the microwave
frequency was swept across the NV center resonance. Figure 2b
shows the output of the lock-in ampliﬁer as a function of
microwave frequency. The ﬂuorescence intensity decreased
near 2.87 GHz due to the ODMR process. Fitting the observed
dip to a Gaussian function yields a 2.868 GHz center frequency
and a standard deviation of 18 MHz, shown by the dashed line.
The emission spectra in Figure 2a show that small-diameter
nanodiamonds exhibit emission from NV0 and Raman scattering
in addition to NV− emission. To determine how the ODMR
contrast varies with wavelength, we used the monochromator
and CCD array to measure the emission spectra from
ensembles of diamond nanoparticles, with spectra acquired
while applying on-resonance (2.87 GHz) and then oﬀresonance (2.80 GHz) microwave ﬁelds. We then determined
the eﬀective wavelength-dependent contrast at each wavelength
as
ODMR contrast(λ)
N
(λ) − Non‐resonance(λ)
= 100 × off‐resonance
Noff‐resonance(λ)

Figure 3 shows the eﬀective ODMR contrast for each sample.
At short wavelengths the contrast from all samples is reduced

Figure 3. Wavelength-dependent ODMR contrast for nanodiamonds
of selected sizes. On-resonance frequency = 2.87 GHz; oﬀ-resonance
frequency = 2.80 GHz.

because of additional emission from NV0 and Raman scattering
at these wavelengths. For all samples, the emission reaches a
plateau at wavelengths > 650 nm. The existence of this plateau
indicates that for emission wavelengths > 650 nm, emission
from NV− is the only signiﬁcant emission source. The existence
of a size-dependent plateau shows that the decrease in
eﬃciency as a function of size cannot be accounted for by
the changes in emission spectrum distribution alone, since at
long wavelengths where only NV− emits, the contrast remains
size-dependent.
Optically Detected Magnetic Resonance Imaging. To
demonstrate the ability to use ODMR in an imaging mode to
selectively image ﬂuorescence from NV− nanodiamond in the
presence of nondiamond ﬂuorescent emitters, we characterized
samples made by depositing both NV nanodiamonds and
Al2O3:Cr3+ (ruby) particles onto microscope coverslips,
adjusting the amounts deposited to yield similar ﬂuorescence
intensities. In tests shown here, we deposited nanodiamond and
nanoruby from aqueous suspension into separate regions

N
− N2.87GHz
ODMR signal
= 2.93GHz
noise
2N2.93GHz
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Figure 4. Demonstration of the ability to selectively image nanodiamond using 100 (a−e), 40 (f−j), and 10 nm (k−o) diameter nanodiamond and
ruby particles. Images a, f, and k were collected with an oﬀ-resonance, 2.93 GHz, microwave frequency. Images b, g, and l were collected with the onresonance, 2.87 GHz, microwave frequency. Grayscale ranges are nearly identical for panels a, b, f, g, k, and l, ranging from zero to ∼6 × 106 counts
per pixel. Images c, h, and m show the diﬀerence image I2.93 GHz − I2.87 GHz, representing the microwave-induced modulation in intensity. In this
representation nanodiamond should give rise to positive signals, represented as white in the image. Panels d, i, and n show cross-sections through the
ODMR diﬀerence images. Finally, panels e, j, and o show the ODMR signal-to-noise ratio, as explained in text. Vertical scale ranges are S/N =
(−100,100) for panels e and j and S/N = (−30,+30) for panel o. Horizontal scale bars are 25 μm for all images.

This value represents a way to quantitatively assess whether
local ODMR diﬀerence signals are real or are within the noise
limits set by counting statistics at each individual pixel. The ﬁfth
row in Figure 4 (Figure 4e,j,o) shows such spatial maps of
ODMR signal-to-noise. Here we use a color scale to more
clearly show both positive and negative values. For the sample
containing 100 nm nanodiamond, the signal-to-noise map
(Figure 4e) shows almost uniformly positive signals on the
right-hand side of the image where the nanodiamond is located,
demonstrating that the ODMR signal is well outside the signalto-noise limits established by counting statistics. In contrast, in
the barrier region and in the region containing ruby particles
(left side of image) there are small regions of both positive and
negative ODMR signal, but no extended spatial regions where
the S/N ratio is large and positive. Similarly, for 40 nm
nanodiamond, the ODMR diﬀerence image (Figure 4h) shows
strong modulation in the region where the nanodiamond is
located, and the signal-to-noise map (Figure 4i) shows
uniformly high S/N ratio where the nanodiamond is located,
but values that ﬂuctuate positively and negatively in the barrier
layer and the region where the ruby was located. Finally, for the
10 nm diamond, the ODMR diﬀerence signal (Figure 4m)
shows only increased noise in the local region, and the S/N
map (Figure 4o) shows that there are no extended regions
where the signal-to-noise is uniformly positive, suggesting 10
nm particles are unsuitable for imaging. In Figure 4o, a small
patch of apparently positive S/N ratio is visible in the region
associated with the ruby particles, but further analysis shows

that this feature arises from a small shift in the images due to an
electromechanical interaction between the microwave antenna
and the microscope stage. Note that Figure 4o is presented on a
more sensitive scale compared with those in panels e and j.
An alternative way to assess the ODMR signal is via the
percent contrast. This parameter is useful because it is a direct
reﬂection of the nanodiamond and the optical excitation system
and should be independent of the properties of the optical
collection system. We analyzed the images using one region
populated by ruby and one region populated by nanodiamond,
and calculated the % contrast as % contrast = 100 ×

(

N2.93GHz − N2.87GHz
N2.93GHz

), yielding the values shown in Table 1.

For 100 and 40 nm diameter nanodiamond the contrast is
several percent, which is readily detectable in imaging mode
Table 1. Imaging-Mode ODMR Percent Contrast Values for
Ruby and NV− Nanodiamond Regionsa
% ODMR contrast
diameter (nm)

NV ND

ruby

ﬂuorescence lifetime (ns)

100
40
10

3.37 ± 0.12
2.19 ± 0.11
0.40 ± 0.26

0.11 ± 0.09
0.37 ± 0.07
0.04 ± 1.13

10.00 ± 0.12
5.38 ± 0.14
≤3

a
Fluorescence lifetimes for NV nanodiamond samples are also shown
with standard deviations of the single-exponential ﬁts being given for
each ﬂuorescence lifetime measurement.
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using a high-quality array detector with suﬃciently low dark
counts. The 10 nm diamond contrast is less than 1%,
challenging the signal-to-noise capabilities of the optical
detection. As expected, the regions with background from
ruby show apparent ODMR contrast values that are very close
to zero.
Fluorescence Lifetimes of NV Centers. The above data
indicate that, under equivalent imaging conditions, the
fractional modulation in intensity associated with application
of a microwave ﬁeld (the “ODMR contrast”) is poorer with the
smallest diameter (10 nm) nanodiamond compared with larger
(40 and 100 nm) nanodiamond. To better understand the
origin of these observations, we measured the ﬂuorescence
lifetime of the nanodiamond samples using a tunable pulsed
laser (∼3 ns pulse width) and a fast (2 GHz) photodiode.
Figure 5 shows representative ﬂuorescence decay curves from

Article

DISCUSSION

Our data show that it is possible to selectively image NV
nanodiamond in the presence of other emitters by using
ODMR in an imaging mode by direct subtraction of oﬀresonance and on-resonance images. The ability to selectively
image one type of nanoparticle in the presence of other
ﬂuorescent moieties has signiﬁcant potential for use of NV
nanodiamond as an analytical probe in chemistry and biology.
For example, one of the key challenges in understanding the
fate, transport, and uptake of nanomaterials in the environment
is the diﬃculty of distinguishing nanoparticle ﬂuorescence from
spectrally overlapped signals such as Raman scattering and
ﬂuorescence from other species. While our experiments
demonstrate that direct ODMR imaging is possible, the ability
to achieve this selective imaging decreases signiﬁcantly as the
particle size decreases <40 nm due to reduction in ODMR
contrast. This reduction is due to changes in the emission
spectrum and a decrease in the lifetime of the NV centers.
These changes reduce the ODMR contrast from a maximum
theoretical value of ∼30% reported using high-quality macroscopic diamond samples,56 to lower values of 5% or less for
nanodiamonds. While ODMR is in principle a “backgroundfree” imaging technique, to eﬀectively use NV nanodiamonds in
detection systems, it is important to address the critical signalto-noise issues that control the ability to selectively identify NV
nanodiamond from within more complex systems. We consider
ﬁrst the intrinsic S/N properties of the detection system.
The ability to selectively detect ODMR relies on the ability
to subtract adjacent images with S/N ratio suﬃciently high to
distinguish OMDR contrast from noise. In Figure 4, background signals other than ODMR are close to zero but the
associated shot noise gives rise to pixel-by-pixel ﬂuctuations.
Under the conditions of our experiment (20× magniﬁcation,
0.5 numerical aperture objective, f/3.7 monochromator, and 13
μm CCD element size), the diﬀraction-limited Airy disk on the
CCD produced by a point source is 6 μm diameter, and light
emitted from any object of <1.5 μm diameter is focused onto a
single pixel. Detection of individual, isolated nanodiamonds
would require suﬃcient ODMR contrast on individual CCD
pixels to exceed the shot noise arising from the background
ﬂuorescence, while more spatially extended ensembles of
nanodiamonds (as in our experiments, Figure 4a−j) can be
easily identiﬁed by a high S/N ratio that is distributed across
many pixels.
The second factor controlling the ability to use ODMR
imaging is the size-dependent changes in the nanodiamond
spectrum and dynamics. There are two primary contributors to
these changes: (1) shifting of the charge state from NV− to NV0
at small sizes and (2) introduction of new relaxation pathways.
These phenomena are both associated with the diamond
surfaces. Prior studies have shown that changes in the
electrostatic potential at nanodiamond surfaces induce a shift
in the charge state of the NV− center to favor the neutral NV0
center.46−48 This shift is evidenced in Figure 2a as increased
emission near 630 nm for nanodiamonds that are ∼40 nm and
below in diameter. While this change in charge state decreases
the ODMR contrast when emission is integrated over all
wavelengths (as in Table 1), it should not aﬀect the contrast at
long wavelengths (e.g., 700−800 nm) where the only emission
is from NV−. However, Figure 3 shows that the ODMR contrast
is reduced even at long wavelengths, implying that other sizedependent factors also are important. The ability to achieve

Figure 5. Fluorescence lifetime measurements from NV nanodiamonds
of diﬀerent diameters and the reﬂection of the excitation laser oﬀ of
the CaF2 window to show the instrument response function. Vertical
axis in arbitrary units.

nanodiamond samples of diﬀerent diameters. Fluorescence
lifetimes from samples of diﬀerent sizes were ﬁt to single
exponents over the 12−34 ns time interval. As shown in Table
1. the ﬂuorescence lifetime decreases from 10.00 ± 0.12 to 5.38
± 0.14 ns as the nanodiamond size decreases from 100 to 40
nm. The lifetime of the 10 nm nanodiamond could not be
measured as it is indistinguishable from the apparent lifetime of
nonﬂuorescence background signals arising from scattering oﬀ
the underlying CaF2 substrate; this indicates the lifetime is
shorter than the 3 ns excitation laser pulse. Thus, these data
show that the small-diameter nanoparticles have higher rates of
ﬂuorescence decay compared to larger diameter nanoparticles.
These lifetime studies suggest that the reduction in contrast
for small-diameter nanodiamonds is likely associated with the
presence of additional nonradiative decay pathways that are not
spin-selective. Such processes would have the eﬀect of reducing
the eﬀectiveness of the spin-pumping and thereby decrease the
ODMR contrast. To test whether the contrast could be
enhanced for small-diameter nanodiamond by increasing laser
power, we conducted a laser power ODMR study. Those
experiments (results presented in SI) revealed that the contrast
is not signiﬁcantly enhanced using higher incident laser power.
In addition, we observed that higher incident laser powers
induce spectral broadening and ﬂatten the zero phonon line of
NV−. These results, in agreement with prior reports by others,31
indicate that the loss in contrast for small-diameter nanodiamond cannot be easily rectiﬁed by using diﬀerent conditions
of the optical or microwave excitation.
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ODMR contrast is strongly dependent on the relative rates of
ﬂuorescence and spin-dependent intersystem crossing. Figure 5
shows that as the nanoparticle size decreases below 100 nm, the
lifetime decreases, becoming <3 ns for 10 nm nanodiamond. As
a consequence, the overall quantum eﬃciency for luminescence
decreases and other optical processes such as Raman scattering
become more apparent when emission spectra are normalized
to similar intensities. Thus, the appearance of Raman peaks at
500−600 nm for nanoparticles < 40 nm diameter is due in part
to the reduced intensity from NV− emission.
The size-dependent changes in spectral distribution and
radiative lifetime both highlight the important role of the
nanoparticle surfaces and surface defects that facilitate nonradiative relaxations. If the rates of these nonradiative processes
are comparable to or greater than that of relaxation through the
single-spin system, then the eﬀectiveness of the spin-pumping is
reduced, leading to reduced ODMR contrast. Attempts to
compensate for the reduced pumping eﬃciency by increasing
the incident laser ﬂuence resulted in broadening of the lines
and did not signiﬁcantly increase the contrast, likely due to
heating eﬀects.
These results provide a guide for understanding the optimum
choice of NV nanodiamond for diﬀerent types of imaging and
sensing applications. Our results using nanodiamonds with
oxidized surfaces suggest that 40 nm diameter provides a
balance between ODMR contrast and NV− emission. It is
possible that further improvements might be achievable by
using nanoparticles with diﬀerent surface terminations to
maintain more NV centers in the negative charge state (NV−)
and by applying surface treatments that reduce the number of
midgap defect states. Ultimately the enhanced understanding of
size-dependent NV− dynamics obtained in these studies will be
important in the future development of even more advanced
imaging techniques that seek to use the NV− center’s long
coherence time and other quantum-based properties to achieve
new imaging modalities.34−41,54
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Adámas for help with sample preparation, and A. Shames of
Ben-Gurion University of Negev for providing EPR data on NV
center content in the samples.

CONCLUSIONS

By modulating the frequency of an applied microwave ﬁeld,
optically detected magnetic resonance induces selective
modulation of the intensity of ﬂuorescence emission from
NV− nanodiamond. We have shown that by using diﬀerential
imaging methods in which images are acquired with the
microwave ﬁeld on-resonance and oﬀ-resonance and then
subtracted, the NV nanodiamond can be selectively imaged in
the presence of other ﬂuorophores. The use of very small NV
nanodiamond for imaging applications is limited by surface
states that alter the nanodiamond charge state and reduce the
eﬃciency of optical spin-pumping. As the ODMR contrast
decreases to below ∼2%, eﬀective use of ODMR to selectively
identify NV nanodiamond in complex matrices may require
more elaborate diﬀerencing techniques than the direct
subtraction method applied here and/or improved control
over the nanodiamond surfaces to reduce the eﬀects of surface
states. However, for nanodiamonds with diameters as small as
40 nm, an ODMR contrast of several percent is well outside the
noise limits of most modern imaging systems and will enable
new selective imaging modalities based on the charge and spin
properties of NV centers.
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Materials and chemicals
Detonation nanodiamond (4-5 nm) were purchased from Nanoscale and Amorphous Materials,
Inc). Monocrystalline nanodiamond (MS Y 0-0.03 micron) were obtained from Microdiamant.
Adámas Nanotechnologies (Raleigh, NC) provided suspensions of oxidized, size-selected (0.1%
by weight) with enhanced concentrations of NV- centers with nominal diameters ranging from 10
to 100 nm. Transmission electron microscopy analysis was performed by taking nanodiamond
stock suspensions and bath sonicating (Branson M1800, 40KHz) for 2 minutes. The stocks were
diluted in methanol and sonicated briefly to ensure they were well dispersed. Then, a 2 µL
aliquot of the suspension was dropped onto a 200 mesh copper grid with Formvar and carbon
supports from Ted Pella, Inc. (Redding, CA). The grid was air-dried near an open 65 °C oven for
5 minutes. An FEI Tecnai T12 transmission electron microscope was used at 120 kV to acquire
images of the nanodiamonds. Images were manually analyzed for particle area using ImageJ on
N=200 particles for each nanodiamond sample.
S1. Determination of Nv- concentration by ESR: Continuous wave X-band (frequency 9.4
GHz) EPR measurements on polycrystalline samples were carried out using a Bruker EMX - 220
spectrometer at room temperature. Precise determination of g-factors (for S = 1/2 centers) and
densities of the corresponding paramagnetic centers (Ns) were done by comparison with a
reference sample - well purified detonation nanodiamond powder with g = 2.0028(2) and Ns =
6.3x10^19 spins/g.1 The integral intensity of the so-called “characteristic g = 4.26 line” is
proportional to the content of NV- centers measured by double integration of the entire
polycrystalline triplet pattern.2 This allows for quantification of NV- triplet centers by
comparison of the integral intensity of g = 4.26 line in the fluorescent microdiamond sample

S2

with the known NV- content (5.4×1017 spin/g) with the intensities of the corresponding lines in
the EPR spectra of samples under study.3

S2. Emission spectra from non-irradiated nanodiamond
Emission spectra of detonation nanodiamond and monocrystalline nanodiamond were collected
using the same optics described in Figure 1a. We note the absence of a peak at 585 nm,
suggesting that the 585 nm peak in Figure 1b arises as a consequence of the irradiation process
used to enhance the NV concentration.

Figure S1: Emission spectra of detonation nanodiamond and monocrystalline nanodiamond
collected with 532 nm, 100 mW excitation laser power.

S3

S3. Laser power study

Figure S3: a) Photoluminescence spectra of 100 nm nanodiamond dried onto a
glass coverslip collected using various 532 nm excitation laser powers. The
broadened zero phonon line of NV- is indicated with an arrow b) Optically detected
magnetic resonance on the same sample using 100 and 500 mW laser powers.
The % ODMR contrasts, 1.09 ± 0.53 % and 2.23 ± 0.70 % for 500 and 100 mW
lasers powers, respectively, are not significantly different.
Photoluminescence spectra of 100 nm NV nanodiamond were collected at various 532 nm
excitation laser powers in order to determine the ideal excitation power for future optically
detected magnetic resonance (ODMR) experiments. We observed that at very high excitation
power, ~500 mW, that the zero phonon line (ZPL) of NV- is broadened and flattened into the
larger phonon side band. ODMR was performed on the same sample using 100 mW and 500
mW laser powers. Percent ODMR contrast was calculated using Equation (1) and determined to
be 1.09 ± 0.53 % and 2.23 ± 0.70 % for 500 and 100 mW lasers powers, respectively.
These %contrasts are not statistically significantly different. For this reason we chose to use a
100 mW laser power for future studies.
S4

S4. Characterization of nanodiamond particle size
Each nanodiamond sample was characterized by dynamic light scattering (Malvern Zetasizer
Nano ZS) and by transmission electron microscopy (Figure S3) to assess particle size and
distribution. Results are summarized in Table S3.

Figure S3: Representative transmission electron microscope images of nanodiamond (Adámas
Nanotechnologies) with nominal nanodiamond diameters listed above each column.
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Table S1: Nanodiamond particle size analysis was accomplished by dynamic light scattering and
transmission electron microscopy.
Dynamic light scattering

Transmission electron
microscopy

Adámas Nanotechnologies
reported diameter

Polydispersity
index

Number Mean
(nm)

Mean Diameter (nm)

100 nm

0.1

116.4 ± 4.9

55.9

60 nm

0.1

58.5 ± 2.5

35.1

40 nm

0.1

46.3 ± 4.2

39.1

30 nm

0.2

30.4 ± 1.4

24.3

20 nm

0.3

20.6 ± 4.0

12.7

10 nm

0.2

35.4 ± 4.7

9.4
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S5. Synthesis of nanoruby and emission spectra.
Ruby particles were synthesized following the approach of Rani, et al.4 by mixing aqueous
solutions of aluminum nitrate (Al(NO3)3), urea (CO(NH2)2), and chromium(III) nitrate

(Cr(NO3)3 in mole ratios of Al: urea: Cr= 1.0 : 2.49 : 0.01 and placing the solution in a 500 oC

box furnace for 15 minutes, yielding Al2-xCrxO3 with x~0.01) The pink product was crushed

in a mortar and pestle before use in experiments.

Figure S4: Emission spectrum of the synthesized ruby particles collected using the optical
apparatus shown in Fig1 of the main paper.
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