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Abstract

Crystal defects in diamond have emerged as unique objects for a variety of ap-
plications, both because they are very stable and because they have interesting
optical properties. Embedded in nanocrystals, they can serve, for example,
as robust single-photon sources or as fluorescent biomarkers of unlimited
photostability and low cytotoxicity. The most fascinating aspect, however,
is the ability of some crystal defects, most prominently the nitrogen-vacancy
(NV) center, to locally detect and measure a number of physical quantities,
such as magnetic and electric fields. This metrology capacity is based on the
quantum mechanical interactions of the defect’s spin state. In this review,
we introduce the new and rapidly evolving field of nanoscale sensing based
on single NV centers in diamond. We give a concise overview of the basic
properties of diamond, from synthesis to electronic and magnetic properties
of embedded NV centers. We describe in detail how single NV centers can
be harnessed for nanoscale sensing, including the physical quantities that
may be detected, expected sensitivities, and the most common measurement
protocols. We conclude by highlighting a number of the diverse and excit-
ing applications that may be enabled by these novel sensors, ranging from
measurements of ion concentrations and membrane potentials to nanoscale
thermometry and single-spin nuclear magnetic resonance.
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NV center:
nitrogen-vacancy color
center in diamond

EPR: electron
paramagnetic
resonance

1. INTRODUCTION

Color centers are fluorescent lattice defects that consist of one or several impurity atoms or vacant
lattice sites and that are uniquely identified by their optical emission and absorption spectra.
Color centers in diamond have been intensively studied for decades, as they are responsible for
the typical coloration of diamond gemstones, and several hundred defects have been identified to
date (1). Whereas early investigations focused on natural diamond, synthetic material has become
increasingly available since the 1950s, and most diamond produced today is consumed by industrial
applications that take advantage of the material’s superb mechanical hardness, heat conductivity,
and optical transparency.

The fields of physics and biology have recently discovered diamond as an ideal material for at
least two very different scientific applications. Biologists, on the one hand, have found that dia-
mond nanoparticles show promise as exceptionally robust fluorescent dyes, with many potential
applications in biolabeling. Efforts over the past 10 years have led to ∼4-nm-sized nanodia-
monds with a single fluorescent impurity inside that can be functionalized and internalized by
cells without toxic effects (2). Physicists, on the other hand, have made tremendous progress in
understanding and controlling the electronic properties of single impurities. One of these impu-
rities, the nitrogen-vacancy (NV) defect, is furthermore magnetic and shows quantum behavior
up to room temperature. Spurred by advances in single-molecule fluorescence, the detection of
electron paramagnetic resonance (EPR) from a single NV defect was reported in 1997 (3). This
initial experiment triggered an intense research effort in the context of quantum information sci-
ence, and over the past decade, the NV center has become an iconic model system to develop a
wide variety of quantum manipulation protocols (4).

This review focuses on a new field of research that has grown out of both the physical and
biological groundwork, that of nanoscale sensing or quantum sensing. The idea is to take advantage
of the delicate quantum nature of single NV centers to monitor external perturbations, such as
magnetic or electric fields, with high sensitivity and spatial resolution. The exciting aspect of
diamond impurities is that they are highly stable, even if the host crystal is only a few nanometers
in size. This small size provides numerous opportunities to employ them as local probes. In
the context of biology, for example, nanodiamonds could simultaneously operate as conventional
fluorescent biomarkers and as sensors of the local environment, such as cell potentials. In the fields
of materials science and condensed matter physics, NV centers may provide nanoscale-resolution
maps of magnetic fields existing near spintronic devices, spin textures, or superconductors.

Before introducing the NV center and its use for nanoscale sensing, we note that several
excellent reviews have recently appeared highlighting different aspects of diamond nanoparticles
and NV centers. Jelezko & Wrachtrup (4) gave an early overview of NV centers in diamond. More
recent and more detailed descriptions of the electronic structure of the NV center were given by
Zvyagin & Manson (5) and Doherty et al. (6). Barnard (2) provided an overview of nanodiamonds
as fluorescent biomarkers. The properties and applications of nanodiamonds in material science
and chemistry were discussed by Mochalin et al. (7) and also by Zvyagin & Manson (5), and the
synthesis and use of high-purity bulk material by Balmer et al. (8). Aharonovich et al. (1) gave
a systematic overview of color centers in diamond. Finally, Xing & Dai (9) provided a view on
nanodiamonds for use in nanomedicine.

This review is organized as follows. In Section 2, we recapitulate the general material prop-
erties and surface chemistry of diamond and diamond nanocrystals and their use as fluorescent
biomarkers. In Section 3, we give a concise introduction to the electronic, optical, and magnetic
properties of the NV color center (NV center). In Section 4, we discuss in detail how NV cen-
ters can be harnessed for nanoscale sensing, including the basic experimental protocols, physical
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NMR: nuclear
magnetic resonance

DND: detonation
nanodiamond

quantities to be measured, and typical sensitivities. The following three sections highlight poten-
tial applications in fluorescence microscopy (Section 5), scanning probe microscopy (Section 6),
and nanoscale NMR spectroscopy (Section 7). In the last section (Section 8), we discuss the main
obstacle toward better diamond probes: surface effects.

2. DIAMOND AND NANODIAMONDS

2.1. Synthesis

Diamond is synthesized in the form of nanocrystals, thin films, and bulk crystals. The smallest
members of the diamond family are known as diamondoids and are typically extracted from crude
oil (10) (see Figure 1a). Because diamondoids are too small (�1 nm) to allow for stable, fluorescent
lattice defects in the interior, they are not discussed here.

The next largest type of nanoparticles, so-called detonation nanodiamonds (DNDs), is syn-
thesized by the controlled detonation of TNT-like explosives in a closed vessel (7) (Figure 1b).
DNDs are core-shell-type particles of 4–5-nm diameter with an sp3 core surrounded by a few
atomic layers of sp2 carbon. DNDs are quite monodisperse and of small size, which makes them
attractive especially for applications in biology, but they are difficult to deaggregate and contain
a high proportion of sp2-like carbon (7). Recently, DND-like nanodiamonds have also been syn-
thesized using pulsed laser ablation (11), which may offer better control over reaction conditions.

A much purer variety of nanodiamonds can be obtained by grinding large crystals to sub-
100-nm-sized particles (Figure 1c). These nanodiamonds are size selected by ultracentrifugation
and dynamic light scattering (12) and are typically much purer than DNDs. Currently, the small-
est commercially available nanodiamond powders have median particle sizes down to ∼15 nm,
and particles down to ∼5-nm diameter have been produced by research initiatives (13, 14). The
downsides of nanodiamonds produced by mechanical grinding are their irregular, jagged shape
and comparably large size.

Large single-crystal diamond plates are synthesized either by high-pressure-high-temperature
synthesis or, more recently, by chemical vapor deposition (CVD). Plate dimensions up to 10 mm
have been realized (8). Large synthetic crystals easily achieve the highest material quality and very
low defect concentrations. For crystals grown by CVD, even isotopically controlled material is
available. Bulk single-crystal plates lend themselves as substrates for applications in, for example,
microfluidics and can be lithographically shaped into nanostructures or nanoparticles (15).

a b c d

2.5 Å 200 nm200 nm3 nm3 nm

Figure 1
Family of (nano)diamonds. (a) Adamantane, the smallest diamondoid. (b) Transmission electron micrograph of detonation
nanodiamonds. Panel b reprinted from http://adamasnano.com, accessed June 25, 2013. (c) Scanning electron micrograph of diamond
nanoparticles produced by mechanical grinding. Panel c reprinted with permission from Reference 16. (d ) Millimeter-sized
single-crystal diamond grown by chemical vapor deposition. Panel d reprinted with permission from Reference 17.
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Table 1 Comparison of the fluorescent properties of organic dyes, colloidal quantum dots, and
single nitrogen-vacancy (NV) centers in nanodiamondsa

Property Typical organic dye (20) Quantum dot (20)
Nanodiamond
(NV center)

Size <1 nm 3–10 nm >4 nm (13, 19)
Emission
spectrum

IR-UV IR-UV, selected by size Fixed at approximately
630–800 nm

Emission line
width (FWHM)

35–100 nm 30–90 nm >100 nm

Absorption cross
section

Typically 1 × 10−16 cm2 Typically 3 × 10−15 cm2 3 × 10−17 cm2 (5)

Quantum yield 0.5–1.0 0.1–0.8 0.7–0.8
Lifetime 1–10 ns 10–100 ns 25 ns (6)
Photostability Low High Extremely highb

Thermal stability Low High Extremely highc

Toxicity From low to high Not well known Low (36)

aAbbreviations: IR-UV, infrared-ultraviolet; FWHM, full width at half maximum.
bUsually unlimited (>days), although blinking or bleaching has been reported on a few occasions (97).
cReported up to above 300◦C (102).

2.2. Fluorescent Nanodiamonds

If of high purity and properly cleaned, diamond is colorless and fully transparent. Coloration is
introduced by specific lattice impurities and dopants, also known as color centers. Several hun-
dred diamond defects are known, and the investigation of their structure and physical properties
continues to be a topic of active research (1).

This review focuses on one particular color center in diamond, known as the NV center. The
NV center is formed by a nitrogen atom and adjacent lattice vacancy. The NV center is one of
the most common defects in diamond, after simple vacancies and substitutional nitrogen. What
sets the NV center apart from other color centers is that it is magnetic (i.e., of nonzero spin) and
that the luminescence is coupled to the spin state, such that the luminescence intensity can be
modulated by magnetic fields. This magneto-optic property is unique among color centers, and
there are only few other examples (18). That said, many diamond color centers lend themselves as
fluorescent emitters if the magneto-optic property is not required, including chromium-related
centers, the silicon-vacancy center, and hydrogen-related defects (1).

Nanodiamonds can also exhibit fluorescence that is not diamond related. Graphite shells and
amorphous carbon on the nanodiamond surface can both create fluorescence and actively quench
the fluorescence from color centers in the interior (13). Especially for DNDs, surface fluorescence
can be much larger than the color-center fluorescence (19). Many procedures to clean the surface
of unwanted sp2 residues have been introduced based on selective oxidation of sp2 carbon versus
the more stable sp3 carbon (21). A summary of the fluorescent properties of nanodiamonds as
compared to quantum dots and typical organic dyes is given in Table 1.

2.3. Generation of Fluorescent Defects

Most diamond contains a certain concentration of natural NV centers. Although the natural NV
concentration is sufficient for some applications, most uses require much higher concentrations
than those provided naturally. For example, in commercial nanodiamond powders with a median
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particle size of ∼25 nm, less than 1 out of 1,000 nanodiamonds actually hosts an NV center
(21). The concentration of NV centers can be much enhanced by high-energy electron or ion
irradiation and high-temperature (≥800◦C) annealing. High-energy irradiation creates a large
number of vacancies, and annealing promotes the formation of NV centers through vacancy
diffusion. Researchers have reported conversion efficiencies from nitrogen to NV in the 10%
range and NV densities of tens of parts per million (14, 22), corresponding to a few NV centers in
a 10-nm particle. Alternatively, for bulk crystals, high concentrations of nitrogen can be introduced
by ion implantation (23) or by deliberate doping during CVD growth (24). Both ion implantation
and doping provide excellent routes to create very shallow, near-surface NV centers, with the
shallowest reported depths of less than 5 nm (25, 26).

2.4. Surface Chemistry and Biolabeling

The most common surface termination of diamond is oxygen termination. Chemically, oxygen
termination is not well defined and refers to a mixture of ==O, –OH, –COOH, or –C–O–C groups
on the surface, with slight differences between them (27). Oxygen termination is particularly useful
as it renders the surface hydrophilic, results in well-dispersed nanoparticles in aqueous suspension,
and is easily established through a range of surface oxidation procedures (21). Moreover, NV
centers in oxygen-terminated diamond do show the highest charge stability for shallow defects
and small nanodiamonds (28). Other simple surface terminations occasionally explored include
hydrogen termination, halogenation by fluorine or chlorine, thermal annealing to create double
bonds, and reduction to OH termination (29).

Several protocols have been introduced to modify the diamond surface toward biofunctional-
ization (27). Carboxy groups can react with alcohols or amine derivatives (30). The reduction of
oxygen groups to OH by borane allows for grafting of a variety of silanes (31) or long alkyl chains
(32). Halogenated diamond can react with nucleophilic reagents (e.g., lithium organic compounds)
in substitution reactions leading to amino or acid terminations (33). In this way, linker molecules,
such as N-hydroxysuccinamide (34), can be attached. Such molecules provide good leaving groups
that are easily replaced and thus readily react with different biomolecules.

Biolabeling can be achieved by two approaches. The easier route is the electrostatic (noncova-
lent) attachment between the diamond particle and biomolecules (35). Because electrostatic bond-
ing is rather weak and nonspecific, biomolecules often detach under biological conditions. Alter-
natively, biomolecules such as antibodies (36), biotin/streptavidin (31), aptamers (37), or DNA (37)
can be bonded covalently via different linker molecules. Figure 2 shows examples of fluorescent la-
beling of cells and other biological systems. Initial experiments have focused on particle uptake and
the assessment of cytotoxicity (36). Faklaris et al. (38) studied the uptake mechanism into HeLa cells
by applying different surface coatings. In conclusion from their experiments, uptake was attributed
to endocytosis. Although the cytotoxicity of nanodiamonds per se was found to be low (34, 36),
the sharp etches of the larger and irregular particles produced by mechanical grinding can disrupt
delicate cellular structures. A few initial experiments have also demonstrated specific attachment to
biomolecules and their use as biolabels in cells. Chao et al. (39) bonded nanodiamonds to lysozyme
to target a growth hormone receptor on the surface of lung epithelial cells. Mkandawire et al. (40)
achieved targeting of the cytoskeleton by conjugating anti-actin antibodies to nanodiamonds.

3. THE NITROGEN-VACANCY CENTER

3.1. Electronic Structure

The electronic structure of the NV center involves six electrons. Two are provided by the nitrogen
atom, and another three are dangling bonds from the three carbon atoms surrounding the vacancy.
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a

c

b

10 μm 10 μm

50 μm

Figure 2
(a) HeLa cell with fluorescent nanodiamonds (red ). (b) Single nanodiamond (white arrow) bound to a DNA
molecule. Panels a and b reprinted with permission from Reference 36. (c) Caenorhabditis elegans fed with
dextran-coated fluorescent nanodiamonds (red ). (Inset) A 100× magnified image showing nanodiamonds
within the intestinal cells. Panel c reprinted with permission from Reference 34.

The sixth electron is captured from the lattice (typically, nitrogen donors), making the overall
charge state NV−. The electron density is mostly located in a plane vertical to the main NV
axis, with the highest density on the three carbon atoms and the vacant site (see Figure 3) (41,
42). Although two other charge states exist, including the neutral NV0 and the positively charged
NV+, neither is magneto-optically active, and virtually all experiments carried out on NV centers
refer to the negative NV− charge state. Conversion of NV− to neutral NV0, however, presents
a major challenge toward the generation of high concentrations of very shallow (<10 nm) NV−

centers (see Section 8).

3.2. Optical Properties

A simple energy-level diagram of the NV center, devoid of all nonessential features, is shown in
Figure 4a (for a detailed description, see 6). The basic photophysics can be explained by three
electronic levels, including a ground state |g> of symmetry 3A2, an excited state |e> of symmetry
3E, and a metastable singlet state |s> that involves two levels with symmetries 1A1 and 1E. The
ground and excited states are spin triplet (S = 1) and are further split into three spin sublevels. The
main |g> <-> |e> transition has a resonant wavelength of 638 nm (zero phonon line) and can be
efficiently excited at most wavelengths below 640 nm. Only a few percent of the photons are emitted
into the zero phonon line, and most luminescence appears in vibrational side bands between
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3A2

<111>

3E

a

N

V

C
C C

Figure 3
(a) Lattice structure of the nitrogen-vacancy center. (b,c) Three-dimensional electron density of the 3A2 electronic ground state and the
3E excited state. Panels b and c reprinted with permission from Reference 41.

630 and 800 nm (see Figure 4b). The radiative lifetime of the excited state is approximately 13 ns
for NV centers in bulk diamond (6, 43) and approximately 25 ns for NV centers in nanodiamonds
(6, 44), owing to the different index of refraction. The lifetime of the metastable singlet state is
approximately 250 ns (6, 45). The quantum yield, defined as the percentage of excited electrons
that decay via the radiative triplet-triplet transition, is approximately 70–80% (6) and is dependent
on the spin state.

3.3. Spin Properties

The two triplet states are further split into three spin sublevels. Because of the axial symmetry
of the NV center, the two mS = ± 1 states are degenerate, and the mS = 0 state is energetically
lower. The energy difference between spin sublevels is D = 2.87 GHz for the ground state and
D = 1.42 GHz for the excited state, where D is the so-called zero-field splitting (6). The tran-
sition rate between mS = 0 and mS = ± 1 sublevels is given by the spin-lattice relaxation time
T1 and is a few milliseconds at room temperature (46). The degeneracy between mS = 0 and
mS =±1 can be lifted by magnetic fields, causing the mS =±1 levels to shift in opposite directions
(Figure 4a, inset). This magnetic field dependence forms the basis of all magnetic sensing ap-
plications. Optical transitions are strongly spin preserving, meaning that the spin state does not
change while cycling between |g> and |e> (5).

The metastable singlet state |s> plays a pivotal role in the magneto-optic behavior of the
NV center. To begin, |s> is mainly populated from |e, mS = ± 1> owing to differing cross-
over rates (Figure 4a). Thus, an electron in the |e, mS = ± 1> state has a significant chance
to decay via the long-lived singlet state, whereas an electron in |e, mS = 0> mostly decays via
the fast radiative transition. This leads to an optical contrast between the mS = 0 and mS = ± 1
states of approximately 30%. The optical contrast is only temporary and disappears for long laser
illumination, as decay via the |s> singlet state always repumps the electron to mS = 0. Figure 4c
plots a histogram of photon emission during a 2-μs laser pulse that shows the initial peak due to
rapid radiative transitions followed by a slow recovery due to singlet decay.

3.4. Optically Detected Magnetic Resonance

Spin-dependent luminescence can be used to perform EPR experiments on a single electron spin,
demonstrated in a hallmark experiment by Wrachtrup and coworkers (3) in 1997. The most basic
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Figure 4
Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g〉 denotes the electronic ground state, |e〉 the
electronic excited state, and |s 〉the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-μs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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ODMR: optically
detected magnetic
resonance

MRI: magnetic
resonance imaging

experiment is to record the EPR spectrum of the NV center by slowly sweeping an auxiliary
microwave field over the EPR resonance. As the microwave frequency is resonant with the EPR
transition, excitation from mS = 0 to mS = ± 1 occurs, resulting in a reduction of fluorescence
intensity (see Figure 4d ). This so-called optically detected magnetic resonance (ODMR) effect
is characteristic of NV centers and has only been observed for a handful of other molecules or
defects (47). ODMR experiments can be carried out under both continuous illumination and
microwave excitation, or in pump-probe experiments. The former are technically simpler and
offer higher photon counts, whereas the latter permit the use of sophisticated pulsed magnetic
resonance techniques.

4. NANOSCALE SENSING

The ODMR effect provides a means to modulate the fluorescence intensity dependent on the
(magnetic) interactions of the single electron spin. This feature has formed the basis of several
recent proposals aimed at utilizing the NV center to measure magnetic fields and other physi-
cal quantities with high sensitivity and nanoscale spatial resolution (48, 49). The magnetic field
sensitivity is easily recognized from Figure 4d,e: As a magnetic field is applied, two resonances
appear in the ODMR spectrum because the degeneracy between the mS = ±1 levels is lifted. The
frequency separation between the two resonances is given by 2γ Bz, where γ = 2π × 28 GHz/T is
the electron gyromagnetic ratio and Bz is the magnetic field parallel to the NV axis. Thus, mea-
surements of the ODMR frequency immediately yield the absolute value of the magnetic field.
This principle of magnetic field sensing is well known from atomic vapor magnetometers (50) and
field homogeneity probes in clinical magnetic resonance imaging (MRI) tomographs (51), which
achieve <1-pT sensitivities using millimeter-sized probe cells. The particularly exciting aspect of
the NV center is that similar measurements can be performed on single spins that are localized
within a few angstroms.

Since the inception of NV-based magnetic sensing in 2008 by several groups (including ours)
(48, 49, 52), applications of the technique to several other physical quantities have been proposed
or demonstrated. Examples include magnetic moments (electron spins, nuclear spins) (25, 53–55),
electric fields (56, 57), charge, voltage, current, orientation (37, 58), strain, temperature (59–63),
and pressure (64), and yet more physical quantities can be envisioned. In the following, we discuss
the basic interactions of the NV center giving rise to these sensing modalities and review the most
important experimental protocols to measure these interactions. Sections 5–7 then highlight a
number of specific applications.

4.1. Spin Hamiltonian

To understand how different perturbations affect the spin energy levels and cause shifts in the
EPR frequencies, one needs to inspect the NV center’s spin Hamiltonian (4, 56):

H
�

= D
(
S2

z − 2
3

)
︸ ︷︷ ︸

zfs

+ γ B · S︸ ︷︷ ︸
magnetic

+ εzEz
(
S2

z − 2
3

) + εxy {Ex
(
Sx Sy + Sy Sx

) + Ey
(
S2

x + S2
y

)}
︸ ︷︷ ︸

electric

. (1)

Here, D = 2.87 GHz is the zero-field splitting (zfs), B is a vector magnetic field, E = {Ex, Ey , Ez}
is a vector electric field, and εz and εxy are coupling constants. By convention, the NV center’s
main axis is along the z axis, or the (111) crystal axis (see Figure 3). This Hamiltonian neglects a
number of interactions that are not important here, namely hyperfine interactions to the nitrogen
and to nearby carbon nuclear spins. At low magnetic fields (B �100 mT), which are typical for
most experiments, the zero-field splitting is the dominant interaction.
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Table 2 Coupling coefficients and typical sensitivities

Property Coupling coefficient Typical sensitivitya Reference(s)
Magnetic fieldb γ 28 GHz/T 0.36 μT/

√
Hz 48, 49, 52, 74

Electric fieldb εz 0.17 Hz/(V/m) 5.8 kV cm−1/
√

Hz 56, 57
Electric fieldc εxy 3.5 ×

10−3 Hz/(V/m)
280 kV cm−1/

√
Hz 56, 57

Straind ∼εxy/d c ∼1011 Hz/(δl/l ) ∼10−7/
√

Hz 67
Orientatione γ B 100 kHz/◦ 0.1◦/

√
Hz 37, 48

Temperature ∂D/∂T −74 kHz/K 0.13 K/
√

Hz 59, 61–63
Pressure ∂D/∂P 1.5 kHz/bar 6.8 bar/

√
Hz 64

aTypical sensitivity for DC detection as shown in Figure 5b, assuming a frequency resolution of 10 kHz/
√

Hz.
bLongitudinal (θ = 0◦), where θ is the angle between the nitrogen-vacancy axis and the electric field.
cTransverse (θ = 90◦).
dd ≈ 3 × 10−13 (V/m)−1 is the local piezoelectric coupling coefficient (67).
eAt a transverse magnetic field of 1 mT.

We can analyze the Hamiltonian in terms of external perturbations and coupling parameters.
Magnetic and electric fields directly act on the spin through the magnetic and electric terms in the
Hamiltonian, with a vectorial dependence. Thus, changes in both magnitude and orientation can
be measured. Inspection of the coupling parameters (see Table 2) shows that the magnetic inter-
action, caused by the Zeeman effect, is far stronger than the electric interaction, caused indirectly
by the Stark effect and spin-orbit coupling (57). Thus, the NV center is very sensitive to magnetic
fields but is only moderately sensitive to electric fields when compared to semiconductor quantum
dots, for example. [We note that much better electric field sensitivities could be achieved by high-
resolution optical spectroscopies at cryogenic temperatures (65) and that all-optical magnetic field
measurements based on nickel-related centers have been demonstrated (66).]

Energy levels can also be perturbed by a number of other physical quantities via the zero-
field-splitting parameter D. The zero-field splitting is a consequence of the confinement of the
electronic wave function and sensitively responds to crystal compression and expansion, as well as
to the vibrational motion of surrounding atoms. Examples of quantities affecting D are pressure,
strain, and temperature. Several coupling constants have been theoretically or experimentally
determined and are collected in Table 2.

4.2. Sensing Protocols

A diverse set of experimental protocols has been conceived to precisely measure EPR frequency
shifts caused by these external perturbations. The three most common approaches are the direct
detection of the EPR spectrum using continuous-wave spectroscopy, the measurement of the time
evolution in (pulsed) pump-probe experiments, and measurements of spin relaxation times.

4.2.1. Continuous-wave experiments. The most direct, yet rather insensitive, frequency mea-
surement is the recording of the EPR spectrum and fitting for the center position of the resonance
line. Figure 5a shows example data in which fitting of the (mS = 0, mS = −1) EPR transition
was used to determine the magnitude of two slightly different external magnetic fields. In cases
in which there are small frequency shifts and the EPR resonance frequency is well known, one
can maximize the sensitivity by tuning the microwave frequency to the point of highest slope
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Figure 5
Sensing techniques and protocols, showing (top) pulse-timing diagrams and (bottom) example measurements. (a) Continuous-wave
detection of the spectral line shift. The frequency difference between curves is 4.7 MHz, corresponding to a magnetic field difference of
0.16 mT. (b) Pulsed detection of the spin precession (Ramsey fringes) in a pump-probe experiment. The frequency difference between
curves is 0.25 MHz, corresponding to a magnetic field difference of 9.0 μT. Oscillations are shown relative to a 2,753-MHz carrier
frequency. (c) Relaxometry measurement, showing T1 relaxation of a nitrogen-vacancy center in a 25-nm nanodiamond in the presence
and absence of paramagnetic GdCl3 salt. The black dots mark changes in intensity caused by tuning the microwave frequency to the
point of highest slope. The black arrows denote the increase and decrease in fluorescence intensity as the resonance shifts up and down
in frequency, respectively.

and recording changes in intensity. As the resonance shifts up or down in frequency, the fluores-
cence intensity is raised or lowered, respectively. The smallest detectable frequency shift (at unit
signal-to-noise ratio) is approximately given by

�ω ≈ a
2η

√
I0T

, (2)

where a is the line width (0.5 times the full width at half maximum) of the EPR transition, η ≈ 30%
is the optical contrast between mS = 0 and mS = ±1, I0 is the photon count rate, and T is the
integration time. For the example in Figure 5a, a ≈ 9.5 MHz, η ≈ 29%, and I0 ≈ 5 × 104 s−1,
yielding �ω ≈ 2π ×73 kHz for a 1-s integration time. The sensitivity can be drastically improved
by collecting photons from many NV centers simultaneously (ensemble magnetometry) at the
expense of losing the exquisite nanoscale resolution provided by single defects.

Frequency detection has been extended by several tricks, including real-time tracking (68),
multifrequency excitation (69), and the detection of multiple NV centers with different crystallo-
graphic orientations for vector field measurements (70, 71). Moreover, by using large ensembles
of NV centers in bigger crystals, investigators have achieved detection rates up to megahertz and
sensitivities below kHz/

√
Hz (72).

4.2.2. Pulsed experiments. More sensitive approaches rely on pulsed experiments in a pump-
probe scheme with the laser turned off during the sensing period. The advantage of pulsed
experiments is that no optical repumping occurs during the sensing period, and very long coherent
evolution times τ can be achieved (up to milliseconds) (48, 49). Moreover, pulsed experiments
can take advantage of the many refined microwave sequences that have been developed over the
decades in the field of magnetic resonance (73).
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T ∗
2 : spin dephasing

time

T2: spin echo decay
time; decoherence
time

T1: spin-lattice
relaxation time

Figure 5b shows an example of pulsed magnetometry in a Ramsey (or free-induction-decay)
experiment. The spin is pumped into the ms = 0 state using a laser pulse and free, coherent
precession initiated by a resonant π/2 microwave pulse. After evolution time τ , the precession is
halted by a second π/2 microwave pulse, and the spin state is read out by a second laser pulse.
This sequence is repeated typically millions of times until sufficient photons have been collected.
Plotting the signal intensity for a series of τ reproduces oscillations (Ramsey fringes) with a
frequency equal to the EPR transition frequency yielding the absolute value of the magnetic field.

The sensitivity of pulsed detection is directly proportional to the coherent evolution time τ ,
also referred to as the sensing period. τ takes the role of the inverse line width in Equation 2.
The maximum possible τ is set by the spin coherence time, which for the Ramsey sequence is the
spin dephasing time T ∗

2 . T ∗
2 typically ranges up to a few microseconds, unless isotopically pure

diamond is used. As Figure 5b clearly illustrates, much enhanced sensitivities are possible with
pulsed detection compared to the continuous-wave approach shown in Figure 5a.

The basic Ramsey sequence shown in Figure 5b is a DC measurement technique that is
sensitive to static magnetic fields. Recent efforts have shown that sensitivities can be enhanced by
several orders of magnitude by moving to AC detection with signal frequencies in the kilohertz
to megahertz range. AC field detection can be achieved using spin echoes. (Another technique
is relaxometry, which is introduced in the next section.) For this purpose, the free evolution
period is intercepted by a π microwave pulse, leading to a refocusing of static interactions in the
Hamiltonian. This corresponds to a rejection of low-frequency noise. Because the spin echo decay
is governed by T2 (and not T ∗

2 ), which can extend up to several hundreds of microseconds in pure
crystals, spin echo detections are very sensitive, with demonstrated magnetic field sensitivities of
a few nanoteslas (53, 74).

The simple spin echo sequence can be extended to multiple spin echoes that have a narrowband
filter profile and even longer coherence times (up to a few milliseconds). In fact, it has been shown
that multiple spin echoes act like a narrowband lock-in amplifier whose detection frequency can
be chosen by adjusting the interpulse spacing (75). Multiecho protocols have proven instrumental
in detecting the megahertz signals from nuclear spins in nanoscale NMR applications (25, 54, 55).

4.2.3. Relaxometry. Even faster megahertz to gigahertz frequency signals can be probed us-
ing the techniques of magnetic resonance relaxometry. Magnetic resonance relaxometry makes
use of the fact that spin relaxation times (most importantly T1) directly reflect the amount of
magnetic noise occurring at the spin transition frequency. Figure 5c illustrates the principle of
relaxometry by exposing an NV center embedded in a nanocrystal to paramagnetic Gd3+ ions.
Measurement of the T1 relaxation time (using the pump-probe protocol shown in the figure) re-
veals much faster decay in the presence of Gd3+ ions. The fast relaxation is caused by the gigahertz
fluctuations of the Gd spin (S = 7/2), which cause strong magnetic noise at the NV center EPR fre-
quency (2.9 GHz). That T1 times can be measured without the need for microwave excitation (see
Figure 5c) (76) makes them particularly simple and useful.

Relaxometry is not restricted to T1 measurements. Measurements of the spin-lock decay time
T1ρ , for example, allow for detection of magnetic signals up to 100 MHz with excellent spectral
resolution (<10 kHz) and sensitivity (<100 nT) (77). Moreover, many of the pulse protocols
discussed above (such as spin echoes) can be analyzed for their relaxation time.

5. EMERGING APPLICATIONS: OVERVIEW

The prospect of a generic, nanoscale fluorescent probe that is moreover stable and biocompatible
has stimulated an extraordinary variety of proposals for applications. A few are highlighted in the
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next three sections, starting with those utilizing standard optical microscopy (this section) and
continuing with scanning-probe-based techniques (Section 6) and nanoscale NMR (Section 7).
Figure 6 sketches these potential applications and provides a few highlights of the growing ex-
perimental work.

5.1. Monitoring Ion Concentrations

Spin relaxometry may enable concentration measurements of paramagnetic ions and molecules in
solution. Several proof-of-principle experiments have already demonstrated the effectiveness of
common relaxation agents, such as Gd3+ ions (76, 78), Mn2+ ions (76, 79), and ferritin molecules
(80). For example, Steinert et al. (76) demonstrated concentration measurements of Gd3+ ions
in the millimolar-to-molar range, with a threshold concentration below 1 mM (see Figure 6h).
They also showed a slight increase in spin relaxation for bare water compared to air. Although
only magnetic ions or molecules can be detected by relaxometry, the method has some intriguing
prospects, such as the monitoring of paramagnetic oxygen (O2) or the generation of image contrast
by targeted labeling.

5.2. Sensor Arrays for Wide-Field Microscopy

Large-area diamond plates may find applications as sensor arrays in microfluidics and wide-field
microscopy. Sensor arrays are millimeter-sized diamond surfaces with a dense layer of shallow
(�10-nm) NV centers (Figure 6g) (81) created by ion implantation (26) or thin-film growth
(25). One can then use conventional wide-field microscopy with a CCD (charge-coupled device)
detector to simultaneously record a fluorescence image of the entire array. Sensor arrays have been
applied for the imaging of magnetosomes in immobilized magnetotactic bacteria (Figure 6i) (82),
for example, and have been combined with a microfluidic device to monitor ion concentrations (76).

5.3. Optical Trapping

Two experiments demonstrated that nanodiamonds can be optically trapped (83, 84) and that
concurrent ODMR measurements are possible. These initial works provide exciting perspectives
for nanoscale sensing within living systems. Nanodiamonds could be maneuvered with nanometer
precision through the cellular environment so as to perform measurements at desired locations.
Interestingly, the experiments showed that trapped nanodiamonds, owing to their nonspherical
shape, do not rotate and that the orientation can be controlled at will by the adjustment of light po-
larization (84). Optical trapping can thus provide full real-time control of both three-dimensional
location and orientation. McGuinness et al. (37) further demonstrated that the absolute orien-
tation of nanodiamonds can be tracked independently using the vector dependence of the NV
center on magnetic field, achieving a precision of <1◦/

√
Hz (see Figure 6j).

5.4. Measurement of Membrane Potentials

A proposal from our group includes the in situ measurement of membrane potentials based on
electric field detection (85). As sketched in Figure 6, single nanodiamonds may be embedded in the
cell membrane in which they experience a strong potential drop between the intra- and extracellular
space. Given typical membrane potentials of 40–80 mV and a membrane thickness of 5–10 nm,
the expected electric field is of order 107 V/m, and the corresponding ODMR frequency shifts
a few megahertz. This strong response should permit monitoring of the millisecond excitation
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of neurons in real time, for example. The integration of nanodiamonds into cell membranes has
recently been accomplished for an artificial lipid bilayer in another context (86).

5.5. Nanoscale Thermometry

NV centers provide fascinating prospects for nanoscale thermometry, based on the temperature
dependence of the zero-field splitting (59). Precise local temperature measurements in living sys-
tems could provide a powerful new method in biological research and may be useful tools for many
areas of nanoscience and technology (62). Several proof-of-principle experiments have recently
defined the limits of the approach with sensitivities better than 10 mK/

√
Hz (see Figure 6k)

(61, 63) at temperatures from near-absolute zero to more than 200◦C (60, 61). Experiments on
nanodiamonds ingested in living cells have further underscored the biocompatibility of NV-based
thermometry (62). Moreover, thermometry has been combined with local heating to measure tem-
perature gradients at the micrometer scale (62, 63). Apart from spin measurements, the optical
contrast (61) and the luminescence lifetime (87) have also been invoked for nanoscale thermometry.

5.6. Strain and Pressure Sensing

NV centers in bulk diamond structures may act as local strain and pressure gauges. Strain sensing
could be particularly useful for motion transduction in diamond micro- and nanoelectromechanical
systems, with further applications in quantum science and technology. Pressure sensing may offer
a convenient way to control conditions in extreme environments, such as in diamond anvil cells
that reach pressures up to tens or hundreds of gigapascals (64).

6. EMERGING APPLICATIONS: SCANNING MAGNETOMETRY

Scanning probe microscopy offers an exciting perspective to push the spatial resolution of diamond
sensors toward the atomic scale. In fact, most early proposals and demonstrations of NV-center-
based sensing emphasized the use of scanning probes (48, 52, 88). The basic idea is to embed an
NV center at the apex of a very sharp tip (<10-nm tip radius) and to scan this tip over the sample of
interest (see Figure 7). Because the spatial resolution is defined by the distance between the tip and
the sample, very high resolution images can be recorded. For scanning NV sensors, the minimum
tip-sample distance is limited by how close stable NV centers can be formed to a diamond surface,
which is currently approximately 2 nm (see Section 8). This distance has not yet been achieved
owing to difficulties involving tip fabrication. There is little doubt, however, that resolutions well
below 5 nm will be demonstrated in the near future even if a tip standoff is taken into account.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 6
(a–f ) Sketches of promising applications of nitrogen-vacancy (NV) centers for nanoscale sensing and ( g–k) first examples from the
literature. (a) Monitoring of ion concentration by relaxometry measurements of nanodiamonds in solution. (b) Microfluidic channel
integrating an NV sensor array. (c) Optical trapping and maneuvering of nanodiamonds through living cells. (d ) Sensing of cell
potentials by membrane-embedded nanodiamonds. (e) Nanoscale thermometry. ( f ) Strain sensing in mechanical diamond membranes.
( g) Diamond sensor array created by ion implantation of bulk diamond crystal. Each pixel contains from a single up to a few NV
centers. Panel g reprinted with permission from Reference 81. (h) Concentration measurements of Gd3+ ions based on relaxometry.
Panel h reprinted with permission from Reference 76. (i ) Optical wide-field (upper) and magnetic (lower) images of magnetotactic
bacteria. Panel i reprinted with permission from Reference 82. (j) Orientation and position tracking of a single nanodiamond over
several hours. Panel j reprinted with permission from Reference 37. (k) Monitoring of laboratory temperature over 24 h using a bulk
diamond sensor. Panel k reprinted with permission from Reference 63.
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Microwaves
for EPR

Substrate

Single spin
in diamond tip

A surface electron spin

Cantilever
To optics

Figure 7
Basic principle of scanning magnetometry. A sharp tip with a nitrogen vacancy center at the apex is used to
map out the three-dimensional magnetic field vector above a magnetic nanostructure, such as an isolated
electronic spin. Figure reprinted with permission from Reference 48.

The critical element in the scanning magnetometer is the nanoscale tip that incorporates the
single NV center. Two techniques for tip fabrications have been explored: pickup of nanodiamonds
using commercial atomic force microscopy cantilevers (21, 52, 89) and etching of monolithic tip
structures from bulk single crystals (90). The best tip-sample separations reported are approx-
imately 10 nm (53, 90). Although both tip fabrication methods have been successfully used in
imaging experiments, tip integration remains a tedious manual process that provides a major
obstacle toward routine use of the technique.

Several exciting experiments have recently been reported using prototype scanning magne-
tometers. Initial demonstrations have mostly focused on magnetic nanostructures. Figure 8 shows
some examples, including the imaging of a magnetic vortex in a thin ferromagnetic film (91), the

~10 nm

1-mT isofield

100 nm100 nm100 nm

±0.8 mT

0 mT

10 nT

0 nT

aaa bb cc

100 nm

Figure 8
Examples of scanning magnetometry. (a) Magnetic image of a vortex core in a thin ferromagnetic film.
Panel a reprinted with permission from Reference 91. (b) Magnetic image of the electron spin of a second,
immobile NV center from 50 nm away. Panel b reprinted with permission from Reference 91.
(c) Isofield surface of a magnetic nanotip showing a spatial resolution of <10 nm.
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Figure 9
Example of nanoscale nuclear magnetic resonance (NMR) detected by a single nitrogen-vacancy center. (a) Magnetic noise spectrum
between 0 and 10 MHz using the spin-locking protocol (77). (b) High-resolution NMR spectrum of single 13C nuclear spins
(numbered) located in the diamond crystal. (c) High-resolution NMR spectrum of an ensemble of ∼6,000 1H nuclear spins located in
organic material deposited on top of the diamond crystal. All spectra were taken at approximately 200 mT. Vertical lines indicate the
bare NMR frequency of the respective nuclear spin species. The vertical scale is the transition probability between |0〉 and |−1〉 states
and is proportional to the power spectral density in units of T2/Hz. Panel c reprinted with permission from Reference 25.

detection of a single electron spin at a distance of approximately 50 nm (53), and the imaging of
a nanoscale magnetic tip with a lateral resolution exceeding 10 nm (85). These initial demonstra-
tions set the stage for applications to a number of interesting nanostructures, ranging from disk
drive heads and media to magnetic islands, spin textures, and spintronic devices.

7. EMERGING APPLICATIONS: NANOSCALE NUCLEAR
MAGNETIC RESONANCE

One of the most visionary applications of NV-based magnetometry involves the detection and
three-dimensional mapping of nuclear spins in nanoscale samples, ultimately with atomic reso-
lution. Such a nanoscale NMR capability is expected to have a profound impact on the structure
determination of proteins and other complex biological molecules, and it would be an extremely
useful technique for the chemical analysis of surfaces and associated dynamics.

Although no nanoscale imaging experiments of nuclear spins have been reported to date,
impressive progress has been made toward the detection of nanoscale NMR signals from few
nuclear spins. Initial experiments have focused on 13C nuclear spins naturally embedded (at 1%)
in the diamond lattice, resolving up to eight individual nuclei (see Figure 9b). The common
approach is to place the sample in a relatively high magnetic field (up to a few hundred milliteslas)
and to detect the megahertz Larmor precession of the nuclear spins by spin echo techniques (75)
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or by spin-lock relaxometry (77) (see Section 4.2). In 2013, nanoscale NMR experiments were
extended to nuclear spins exterior to the diamond host crystal, detecting between 103 and 106

proton nuclei in an organic sample on top of a diamond chip with very shallow NV centers (25,
54, 55) (see Figure 9c). The corresponding detection volumes were between (4 nm)3 and (20 nm)3.
Even more recently, the detection of as few as approximately 10 29Si nuclei in SiO2 was reported
using NV centers as shallow as ∼2 nm (92).

Although NMR detection appears poised to reach single spin sensitivity in the near future,
achieving three-dimensional imaging resolution will be considerably more challenging. Similar to
MRI, magnetic gradients could be introduced to provide imaging resolution (48). Considering that
the distance between 1H spins in organic compounds is only a few angstroms, however, very high
gradients in the range of 107–108 T/m will be needed. These gradients are challenging to achieve
even for optimized magnetic nanotips (93). Moreover, as the NMR signal from single nuclear
spins reduces with the third power of distance, it is questionable whether single spin sensitivity
can be reached more than a few nanometers away from a sample. This limits the depth resolution
and thus the three-dimensional imaging capability of larger and more complex molecules.

8. SURFACE EFFECTS

Stable NV centers have been observed at a minimum depth of approximately 2 nm from diamond
surfaces (92, 94) and in nanocrystals as small as 4 nm (13). At these shallow depths, surface
properties can profoundly impact (and deteriorate) the electronic stability and the spin lifetime
of the defect. In this section, we briefly review the present understanding of surface effects with
shallow NV centers that are crucial toward more sensitive, less invasive, and higher-resolution
probes and biomarkers.

Despite the expanse of the electronic wave function of the NV center being less than (1 nm)3

(or 3 × 3 × 3 unit cells) (41, 95), no NV centers have been reported for such small crystals. The
main issue with shallow NV centers is the conversion to neutral NV0. The mechanism behind
charge state conversion is not entirely clear but appears to involve either stable charge traps on
the surface or surface band bending (28, 96). Charge transfer to surface traps can be promoted by
optical illumination (bleaching) (97). For very shallow NV centers, loss of charge may also occur
via quantum mechanical tunneling. In the case of band bending, the location of the Fermi level
with respect to the NV− excited state determines the charge stability of the defect.

Given this picture, several routes have been explored to improve the charge stability of shallow
NV centers. Surface termination by oxygen or fluorine, for example, was found to favor NV−,
whereas termination by hydrogen (and, to a minor extent, chlorine) was found to favor NV0

because of surface band bending (28, 96, 98). Surface band engineering by heavy nitrogen doping
of the top 5 nm stabilized NV centers, even for hydrogen-terminated surfaces (25), but did not
confirm any NV centers shallower than 2 nm. Moreover, blinking or bleaching was observed both
for dispersed (oxygen-terminated) nanodiamonds (97) and for fluorine-terminated surfaces (25),
giving no clear clue of the best surface chemistry.

In addition to reduced electronic stability, NV centers near surfaces also experience enhanced
magnetic noise that manifests itself in reduced spin relaxation times compared to bulk diamond.
This directly compromises detection sensitivity (26). Reduction in spin relaxation times has been
observed for nanodiamonds smaller than ∼50 nm (99) and for thin-film defects less than ∼10 nm
from the surface (26). The cause of surface-related magnetic noise is not fully understood and is
believed to originate from surface magnetic impurities, such as dangling bonds (100). Reported
densities of surface states vary between 0.01μB/nm2 for high-purity crystals with controlled
surface chemistry (94) and 10μB/nm2 for nanodiamonds (13). The characteristic correlation time
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of surface fluctuations has been measured as 0.28 ± 0.05 ns for bulk crystals (94). Moreover, a
different type of surface magnetic impurity has recently been resolved by scanning magnetometry
that fluctuates much slower (101). The elimination of surface magnetic impurities will be critical
for achieving adequate sensitivity with many proposed applications, in particular for scanning
probe measurements and experiments relying on <10-nm nanodiamond sensors.

SUMMARY POINTS

1. Diamond color centers are fluorescent impurities in diamond.

2. The NV center is a color center consisting of a substitutional nitrogen and a lattice
vacancy. The luminescence of the NV center is extremely robust, with no bleaching or
blinking under normal conditions.

3. NV centers can be embedded in nanocrystals down to 4–5 nm in size. Diamond
nanocrystals are chemically very robust, nontoxic, and easily functionalized for biological
targeting.

4. The unique features of the NV center are its magnetic (spin triplet) ground state and the
dependence of its fluorescence intensity on the spin orientation. This feature is utilized
to add (magnetic) sensing capabilities.

5. EPR spectra of single NV centers can be detected by measuring the fluorescence intensity
in response to microwave irradiation (ODMR technique).

6. Sensing is performed by monitoring shifts of the EPR spectra due to external perturba-
tions. Perturbations can be generated by many means, including magnetic and electric
fields, temperature, spatial orientation, strain, pressure, and other physical parameters.

7. NV centers can be embedded in nanocrystals, sensor arrays, and scanning probe heads,
giving rise to an extraordinary variety of possible applications.
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