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Abstract. In the past few years, there has been a growing interest in materials that show topological phases and
macro-scale quantum correlations. Innovative measurement techniques with high spatial and temporal resolution are
necessary to study these materials and develop technological applications using them. Nitrogen vacancy centres in
diamond offer the unique possibility of non-perturbative nanoscale sensing with high sensitivity. Additionally, nitrogen
vacancy centres are also capable of simulating the Hamiltonian dynamics of quantum materials. In this review, we discuss
the frontiers of applying nitrogen vacancy-based quantum sensors for imaging and simulating novel quantum materials.
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Introduction

Discoveries made in the past few decades like quantum Hall
effect by Laughlin et al [1], graphene by Geim et al [2], and
high-temperature superconductivity by Bednorz et al [3],
have profoundly affected our understanding of nature and
triggered intense research into these fields. The focus of the
research has been to gain further insight as well as to develop
relevant technological applications using the newly discovered physics. These discoveries are characterized by two
features: the presence of non-trivial topology in the wave
functions and presence of quantum correlations on a macroscopic scale. The topology of a quantum state can be imagined as an invariant that remains constant under continuous
deformations of the state [4]. The presence of non-trivial
topology coupled with macroscopic quantum correlations
leads to the emergence of a new quantum order which is
characterized by unconventional phase transitions [5]. The
success in understanding these quantum materials and their
technological utility critically relies on sensitive measurement techniques to probe them.
Nitrogen vacancy (NV) centres in diamond can sense a wide
range of physical quantities in both scanning and wide-field
configurations. NV centres have been used to sense magnetic
fields [6], temperature [7], electric fields [8], stress [9] and
conductivity [10]. The scanning mode offers a high spatial
resolution limited by the optical diffraction, while the wide-field
mode offers a fast simultaneous readout of a large measurement
This article is part of the special issue on’Quantum materials and
devices.

space at the cost of spatial resolution. Further, NV centre based
magnetometry works at a wide range of temperatures starting
from 1 K [11] to 1000 K [12]. NV centres are non-magnetic
point-like defects with no back-action on the samples. This
allows for non-invasive sensing of a variety of materials ranging
from thin superconducting films to magnetotactic bacterial cells.
This is contrary to the widely used magnetic force microscopy,
where a finite-sized magnetic tip perturbs the sample field owing
to its self-stray field. In addition to sensing, a whole range of
quantum control protocols [13] are available for NV centres.
These protocols offer the possibility of simulating the Hamiltonian of quantum materials with complex synthesis processes
on NV centres. These properties make NV centres well suited
for probing and simulating quantum materials.
The text in this paper is organized as follows. First, we
review the basic magnetic field measurement technique using
NV centres in section 2. Then, we move onto the applications
of NV centre in the field of topological quantum materials in
section 3. In sub-section 3.1, we look into recent developments in using NV centre-based magnetometry to probe
magnetic skyrmions. In sub-section 3.2, we see some examples of simulating topological insulators with NV centres.
Section 4 is dedicated to NV centre magnetometry for probing samples with strong quantum correlations.

2.

NV-centre magnetometry

In this section, we briefly describe the measurement
protocol for measuring magnetic fields using NV centres in
diamond. A more thorough discussion is provided by
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Rondin et al [6] and Schirhagl et al [14]. The negatively
charged nitrogen vacancy centre, as shown in figure 1a has
S = 1 electron spin. The magnetic field-dependent optical
properties can be understood by looking at the energy level
diagram of the NV centre shown in figure 1b. The system
has an excited state manifold that lies at 1.945 eV (corresponding to a wavelength of 637 nm) above the ground state
manifold. In the ground state manifold, mS = 0 is the lower
energy state and the near degenerate mS = ±1 are the
excited states. The mS = 0 and mS = ±1 states are separated
by zero-field splitting frequency, D = 2.87 GHz. In the
presence of external magnetic field Bext, the mS = ±1 states
undergo Zeeman shift, with associated frequencies of the
spin states given as
m ¼ D þ cB;

ð1Þ
−1

where c = g (μB) = 28 MHz mT is the electron gyromagnetic ratio and B‖ is the parallel component of Bext to
the NV centre axis. When excited by off-resonant green
light (typically 532 nm), the NV centre shows a spindependent photoluminescence (PL) (at 637 nm), where the
state mS = 0 is brighter than mS = ±1 states [15]. By
sweeping the microwave field and recording the PL, one can
obtain the magnetic field-dependent resonant frequencies as
shown in figure 1c (known as the optically detected magnetic resonance (ODMR)). The typical field sensitivities
obtained using the above-mentioned protocol range from a
few tens of nT/√Hz [16] to a few tens of μT/√Hz. The best
reported sensitivity is 900 fT by Wolf et al [17], for single
point detection, which corresponds to 25 nT [17] per pixel
in wide-field imaging. In addition, dynamical decoupling
[18–20] schemes provide the ability to sense AC magnetic
fields as well.
Imaging magnetic fields using NV centre can be done in
two modes. In a wide-field mode, the fluorescence from a
diamond with high surface NV centre concentration is

projected onto a CCD camera [21,22] to reconstruct the
magnetic field map. This mode offers a large field of view
(a few hundreds of micrometres) with an acquisition time of
a few minutes [21]. A lock-in camera can improve the
signal to noise ratio by rejecting the phase incoherent parts
of the PL. The total acquisition time from a lock-in camera
can be reduced to a few seconds [23,24]. The spatial resolution is however, limited by the optical diffraction. In the
scanning mode, a nanofabricated diamond cantilever with a
single NV centre in the tip is used in AFM-like experimental setup [25,26]. This mode offers a high spatial resolution of a few nanometres [26], and is ideal for probing
sub-diffraction magnetic features. However, the scanning
mode mechanism significantly increases the acquisition
time. In the following sections, we describe the advantages,
complementarity and applications of the NV diamond
microscope for investigating quantum materials.

3.
3.1

Topological quantum materials
Magnetic skyrmion

A magnetic skyrmion is a vortex-like spin texture that can
be designated as a topological number, which is invariant
under continuous transforms [27]. The topological index n
is defined as [27]


Z
1
oM oM
n¼
dxdyM 

:
ð2Þ
4p
ox
oy
A variety of mechanisms like long-range dipolar interactions, M is a vector quantity (magnetization),
Dzyaloshinskii–Moriya interactions, frustrated exchange
interactions and four spin-exchange interactions can lead to
the formation of skyrmions [27]. Skyrmions can be potentially used as microwave detectors [28,29], nano-oscillators

Figure 1. Energy level diagram of nitrogen vacancy centre in diamond. (a) Crystal structure of diamond showing a vacancy centre.
(b) Energy level diagram of the nitrogen vacancy centre. (c) Zeeman shifts in spin levels mS = ±1 in the presence of external magnetic
fields. The solid lines represent the shift in resonance lines from dotted lines due to the application of external magnetic fields.
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[30,31], logic and memory devices [32,33], spintronic
devices [34] and neuron-like synaptic devices [35]. Skyrmions can be manipulated with extremely low currents and
their sizes vary from a few tens of nanometres to a few
micrometres in diameter depending on internal as well as
external interactions [27]. However, to probe these magnetic structures, a combination of high magnetic field sensitivity and spatial resolution are prerequisites.
Transmission probes like X-ray microscopy, transmission
electron microscopy, photo-emission electron microscopy
are insensitive and require the use of several magnetic
layers [36]. On the other hand, back action from the fields of
a magnetic force microscope tip can perturb the spin texture
of the skyrmion. NV centres when used in scanning -mode,
provide necessary sensitivity and spatial resolution to probe
skyrmions [25]. Probing skyrmions with NV centres was
first reported by Dovzhenko et al [37]. Stray fields from (Pt/
Co/Ta)] stacks were imaged along z-direction with an
applied field of 9.5 mT parallel to [111] diamond crystal
axis. The stray field obtained is shown in figure 2a and the
corresponding simulation shown in figure 2b. It is important
to note that unlike current distributions, magnetic spin
textures cannot be unambiguously obtained from magnetic
field maps [38]. To obtain a magnetization map from
magnetic field map, it is mandatory to choose a gauge. In
figure 2c and d, two magnetization maps are shown
corresponding to Neel gauge (∇ 9 mx,y = 0) and Bloch
gauge (∇ 9 mx,y = 0). The helicity of the magnetization
texture depends on the choice of the gauge as is evident in
figure 2c and d. A more detailed and complete discussion on
the choice of gauge can be found in reference [37,38].

Figure 2. Skyrmion magnetic map. (a) Out of plane magnetic
field map around a skyrmion. (b) Simulated magnetic field map
corresponding to (a). (c) Reconstruction of magnetization texture
using Neel gauge. (d) Reconstruction of magnetization texture
using Bloch gauge. (Adapted with permission from reference
[37].)
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Using a similar technique, the effects of sample defects like
pinning were studied by Jenkins et al [39].
Another approach to probe spin textures of a skyrmion is
to use the quenching mode of NV magnetometry [40]. This
approach was adopted by Gross et al [41] and Akhtar et al
[42], wherein, the quenching of PL of NV centres due to the
high magnetic field at domain boundaries allow the mapping of the magnetic texture of the magnetic films [40]. This
technique is beneficial since the contrast of Zeeman shifts in
conventional continuous-wave microwave drive experiments reduces rapidly in the presence of strong off-axis
fields from the sample. The PL maps obtained in reference
[41] for a (Pt/Ni/Co/Ni/Pt) ferromagnetic stack are shown in
figure 3a. The quenching of PL along the boundaries of the
skyrmions clearly brings out the magnetic texture underneath. The variations in sizes and shapes have been attributed to pinning caused by disorder in the sample which can
also be estimated with the NV centre probe.
The average skyrmion diameter was found to be 260 nm.
The current-induced nucleation motion of skyrmions in a
cobalt-based Heusler alloy was studied in reference [42]
using the quenching mode of magnetometry as described
above.

3.2

Topological insulators

Quantum Hall effect was first reported in 1980 by von
Klitzing et al in high mobility 2D semiconductor under high
magnetic fields. At very low temperatures, where the longitudinal conductivity σxx is vanishing, Hall conductivity
σxy was found to be quantized to integer multiples of e2/
h. In 1982, Thouless, Kohmoto, Nightingale and den Nijs
(TKNN) showed that additionally, the quantum Hall effect
had a topological nature. TKNN showed that the k-space of
the quantum Hall system can be mapped to a topologically
non-trivial Hilbert space. The topology of such a species
characterized by a topologically invariant integer ν, also
called the Chern number or the winding number. This
invariant ν is the integer multiple in the quantum Hall
coefficient. The TKNN invariant was found to be closely
associated with the Berry phase of the Bloch wave function
evaluated around the first Brillouin zone. An interesting
outcome of the physics of the quantum Hall system is that
the bulk states are insulating, whereas the edge states are
conducting and are chiral. Chirality implies that the electrons move only in one direction along the edge where they
are less prone to back-scattering, and hence, insensitive to
disorder.
The discovery of the quantum Hall effect triggered
intense research into topologically non-trivial phases of
matter. One such topologically non-trivial phase of matter is
the topological insulator which was proposed by Kane et al
[43]. A topological insulator is a close relative of integer
quantum Hall system. In a topological insulator, spin–orbit
coupling plays the role of a high magnetic field. Due to
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Photoluminescence quenching map around skyrmions. (Adapted with permission from reference [41].)

Figure 4. Schematic diagram for the experimental protocol. (a) Band structure of the anomalous
quantum Hall system in the topological regime. (b) The location of band inversion surface in the Brillouin
zone. (c) Energy level diagram in the rotating frame as described in the text. (d) Expectation values of spin
operators and the position of BIS, where all the spins vanish. (Figure adapted with permission from
reference [48].)
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Figure 5. NV-centre based experimental realization of band inversion surface in simulated Hamiltonian. (a) Averaged 〈σz〉 over
Brillouin zone. (b) Expectation values of σx, σy along k⊥. (c) Vectors (gx, gy) as defined in equation (5), centred along band inversion
surface of (a). (d) The vectors of (c) recentred to origin to count the number of revolutions they make (1 in this case). (Adapted with
permission from reference [48].)

Figure 6. Probing viscous electronic transport via magnetic field imaging. (a) Flow profiles in ohmic
and hydrodynamic regimes. (b) Out-of-plane magnetic field profiles for ohmic and hydrodynamic electron
flow regimes. (c) Schematic of the scanning setup. (d) Schematic of the wide-field setup. (Adapted with
permission from reference [63].)

spin–orbit coupling, spin-up and spin-down electrons
experience opposite effective magnetic fields, resulting in a
spin-polarized current at the edges. Synthesis of topological
insulators using molecular beam epitaxy of bismuth-based
compounds is non-trivial. During synthesis, the presence of
unintentional impurities and defects can increase the bulk
conductance of the material, which adversely affects the
observation of surface states. NV centres in diamond can be
used as a platform for quantum simulation of a topological

insulator as they provide high-quality spin qubits at room
temperature. The state mS = 0 can be defined as |0〉and one
of the states mS = ±1 can be defined as |1〉in a two-qubit
scheme [44]. The reported coherence times for NV centrebased qubits range from a few micro seconds to seconds
[45,46]. This allows one to simulate a wide variety of
Hamiltonians, without the hassle of complex synthesis
processes and minimal change in hardware. Ju et al [47]
proposed an NV centre-based digital quantum simulation of
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Figure 7. (a) Magnetic field profile along graphene. (b) Reconstructed current profile. (c) Current profile
along a horizontal cut. Pink dots are experimentally obtained points. Solid blue curve is a fit for
hydrodynamic flow, and dashed curve shows the characteristics of ohmic flow. (Adapted with permission
from reference [63].)

a quantum phase transition in topological insulators. Using
NV centres as simulation platform, quantum anomalous
model was experimentally realized by Wang et al [48]. The
Hamiltonian describing 2D quantum anomalous Hall model
is [48]:



H ¼ mz  2t0 cos kx þ cos ky rz


þ 2tso sin kx rx þ sin ky ry ;
ð3Þ
where k = (kx, ky) represents the momentum, t0 denotes the
spin-conserved coefficients, tso denotes spin-flip hopping
coefficients corresponding to the 2D spin–orbit (SO) coupling, and σxyz are Pauli spin half matrices. The system is
topologically non-trivial for |mz| \ 4t◦ and |mz| non-vanishing. The band structure in the topologically non-trivial
state is shown in figure 4a. To realize the Hamiltonian of
equation (3), an external magnetic field is applied along
the NV axis, which separates the spin triplet states mS =
{0, ±1}. Among the three triplet states, the sub-space of
states mS = {0, ?1} is used to simulate the Hamiltonian
of equation (3). A microwave pulse of amplitude Bmw,
phase φ and detuning δ is applied, with an equivalent
Hamiltonian


H ¼ drz þ Bmw cos urx þ sin ury ;
ð4Þ

in the rotating frame. The key idea here is to choose the values
of Bmw, φ and δ such that the Hamiltonian in equation (4)
emulates the Hamiltonian in equation (3). For the values δ =
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mz − 2t◦(cos kx ? cos ky), Bmw ¼ 2tso sin2 kx þ sin2 ky and
φ = arctan(sin ky/sin kx), the electron spin in NV centre
evolves similar to equation (3). The level diagram with
detuning is shown in figure 4c. For the verification of bulkboundary correspondence, existence of the band inversion
surface (BIS) [49] is essential. Further, in moving from trivial
to non-trivial topological phases, the band inverting surfaces
are captured dynamically when the time-averaged spin-polarizations vanish during the unitary evolution [50]. Such a
BIS state has been depicted in figure 4d, where the time
averaged spin polarizations 〈σx〉, 〈σy〉 and〈σz〉 are essentially zero. The experimental results for mz = t◦ = 2tso are
shown in figure 5. The Rabi oscillations for all k points were
recorded. The expectation values of the spin operators 〈σxyz〉
were evaluated using the first four periods of the oscillation.
In figure 5a, the location of BIS in Brillouin is shown, corresponding to figure 4b. The dynamic spin texture field is
obtained by [50]:
gk ð k Þ ¼

1
hri i;
Nk

i ¼ x; y; z:

ð5Þ
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Figure 8. Wide-field map of HTC superconductor YBCO. (a) Experimental setup for imaging vortices.
(b) δ Broadening of ODMR spectral lines in the presence of vortex. (c) Magnetic field along z-axis.
(d) Map of splitting over as shown in (b) on the surface. (e) Full width at half maxima (FWHM) map of
the sample. (Adapted with permission from reference [67].)

The spin texture field is shown in figure 5c. From the
dynamic field, the topological invariant is obtained using
Z
Z
1
1
gx dgy ¼ 
gy dgx :
c¼
ð6Þ
p
p
The magnitude of a topological invariant is the number of
rotations made by the spin texture field (figure 5d). A full
counterclockwise rotation is observed, which means the
Chern number c = 1. Further quenching of mz by setting mz
= 0.5t◦ = tso, results in a Chern number c = −3. The
advantage of the protocol described is that it is also robust
in the presence of decoherence. The robustness arises since,
the de-phasing (transverse) effects only the non-diagonal
elements of the density matrix with respect to the local
precession axis, and does not affect the time-averaged value
of〈σ〉.
Another recent work by Ji et al [51] uses NV centrebased simulator to simulate quantum phases of three-dimensional chiral topological insulators. The simulation was
performed of an AIII symmetry class [52], which is yet to
be experimentally realized. The simulation of a 2D insulator
requires only two bands (figure 4a), and hence, can be
simulated on a spin-half system. On the contrary, the simulation of a 3D model requires at-least four bands to form

two qubits. The four-level system can be obtained by using
a nitrogen vacancy centre coupled to a 14N nucleus in its
vicinity. These experiments pave the way for exploring
even higher dimensional topological phases.

4.
4.1

Materials with collective quantum phenomena
Dirac fluid

Typical conducting materials exhibit either diffusive or
ballistic charge transport. However, in strongly correlated
quantum materials known as exotic metals [53,54], the
charge flow falls under hydrodynamic flow regime following the Navier–Stokes equation for fluid flow. Graphene is
an allotrope of carbon consisting of a single layer of atoms
arranged in two-dimensional honeycomb lattice. A quantum
critical system is possible in charge-neutral graphene, where
the flow of electron–hole plasma falls under hydrodynamic
flow regime. Nitrogen vacancy centres have been used in
conjunction with graphene in several contexts, such as
mapping current profiles in graphene [55,56], imaging
graphene-based field effect transistors [57,58], nano-sensing
[59,60], and enhanced quantum control and measurement
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Figure 9. Probing quantum phase transition in Mott insulators with NV centres. (a) Energy splitting of
mS = ±1 under external magnetic fields. (b) Schematic of the realized device. (c) Phase transition due to
current-induced Joule heating. (d) Temperature of the device with applied current under various
background temperatures. (Adapted with permission from reference [75].)

[61,62]. Ku et al [63] used a NV centre-based magnetometer to image the hydrodynamic flow of Dirac fluid in
graphene encapsulated in hexagonal boron nitride (hBN)
placed on a SiO2/Si substrate. The magnetic fields arising
from the current distribution in the graphene layer were
mapped. NV centres allow full vector reconstruction of the
magnetic field in contrast to other magnetic field probes.
Given a magnetic map, a unique 2D current distribution can
be obtained by inverting the Biot–Savart equation [38]. This
is in contrast with magnetization textures, where unique
magnetization texture cannot be obtained for a given
magnetic field map. The additional requirement of continuity of current (∇ · J = 0) allows inverting the system of
equation to obtain the current distribution from the magnetic field map. The ohmic and hydrodynamic current distributions are shown in figure 6a. In figure 6b, the magnetic
field profiles for both the cases are shown along a horizontal
cut. In the ohmic regime, the current density is parallel to
the channel axis with a constant current density along the
flow of electrons. On the other hand, in the hydrodynamic
regime, current density has a parabolic profile with respect
to the channel axis. The authors have combined a scanning
probe measurement along with wide-field imaging to

reconstruct and quantify the current flow. The schematics of
these experimental setups are shown in figure 6c and d,
respectively. The wide-field image of the resultant magnetic
field maps is shown in figure 7a. The reconstructed distribution obtained from the magnetic field map is shown in
figure 7b. Finally, the current distribution at a horizontal
cut, far away from the gate (x, y = 2.5 μm) is shown in
figure 7c. The dotted black line is for ohmic flow and the
blue is for hydrodynamic flow. From the data, the kinematic
viscosity of the Dirac fluid is found to be 0.1 m s−2.

4.2

High-temperature superconductors

The superconducting mechanism in high critical temperature (HTC) superconductors cannot be explained by the
conventional electron–phonon interaction-based Bardeen–
Cooper–Schrieffer (BCS) theory [64]. HTC superconductivity is a result of strong electron correlations due to on site
Coulomb repulsions [65,66]. NV centres in diamond can act
as an efficient probe for high critical temperature (HTC)
super conductors, as they are non-invasive and operate over
a wide range of temperatures and pressures. Imaging of
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superconducting materials has been done in both wide-field
mode [11,67] and scanning mode [68,69]. In the works of
Schlussel et al [67] and Thiel et al [68], magnetic field maps
from high temperature yttrium barium copper oxide
(YBCO) films were mapped in wide-field mode and scanning mode, respectively. Formation of vortices in the
magnetic field maps could be seen from the wide-field map
shown in figure 8d. The presence of off-axis fields broadens
the ODMR spectral line as shown in figure 8b. The
broadening of ODMR spectral line due to fields on the axis
of a superconducting vortex can be used to map the
superconducting vortices as shown in figure 8e. A more
detailed review of probing superconductors with NV centres
is provided by Acosta et al [70].

4.3

Mott insulators

Mott insulators are insulators that should be conductors
according to conventional band theory, but are insulators
above a certain critical temperature (Tc). The quantum
phase transition from metallic state to insulating state is
driven by strong electron–electron repulsions [71]. The
sharp insulator to metal transitions in Mott insulators is
predicted to have applications in transistors and logic
devices [72], memory and neuromorphic devices [73]. Mott
insulators are also being considered for photovoltaic
applications [74]. As nitrogen vacancy centres can be used
as sensors of conductivity, temperature and magnetic field,
NV centres are ideal platform for investigating the physics
of Mott insulators. McLaughlin et al [75] used a single NV
centre as a local probe for the thermal and electrical
behaviour of a Mott insulator. Mott insulator VO2 films are
grown on Al2O3 substrates. Diamond nano-beams containing single NV centres are transferred on to the VO2 film and
placed between two metal electrodes. The schematic of the
device is shown in figure 9b. The single NV centre on the
nano-beam is used both as a magnetic field sensor and
temperature sensor. The zero-field resonance of the NV
centre shifts by 77 kHz K−1, which is used as a temperature
sensor. In figure 9c, the transition from an insulator phase to
conducting phase is shown. The current passed through the
electrodes induces local joule heating (figure 9d), which is
responsible for the phase transition. The reduction in
resistance of the insulating film increases the current in the
Mott insulator film, which increases the magnetic field. The
scheme presented here is a simple current control for
resistive switching comparable to a bipolar junction
transistor.

5.

Summary and outlook

In this paper, we have briefly reviewed a variety of applications of nitrogen vacancy centres in diamond in the study
of quantum materials. We have seen the use of NV centres
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in a wide range of modes and configurations. These included quantum simulation of a topological insulator on a
scanning probe magnetometry, magnetometry using PL
quenching wide-field magnetometry and finally, temperature sensing. Quantum simulation offers exciting opportunities to explore the physics of topological classes [52]
which have been predicted in theory, but lack material
realization. Imaging techniques described in this review can
also be deployed to study surface currents in a topological
insulator, and transport charges in the quantum spin Hall
effect. NV centres can be used with a myriad of quantum
materials/devices, such as topological superconductors [76],
Weyl semimetals [77], spin ices [78], quantum spin liquids,
[79] etc. NV centres can also complement experimental
tools, such as neutron scattering studies by Chauleau et al
[80], and magneto-optic Kerr microscopy by Lenz et al
[81].

Acknowledgements
DS and KS acknowledge support from IITB-IRCC Seedgrant number 17IRCCSG009, DST Inspire Faculty Fellowship-DST/INSPIRE/04/2016/002284 and AOARD R&D
grant no. FA2386-19-1-4042. KS would also like to thank
Dr Sumiran Pujari and Dr Shamashis Sengupta for useful
discussions.

References
[1] Laughlin R B 1981 Phys. Rev. B 23 5632
[2] Geim A K and Novoselov K S 2007 Nat. Mater. 6 183
[3] Bednorz J G and Muller K A 1986 Zeitsch. Phys. B Condens.
Matter 64 189
[4] Kauffman L H, Thorman M P and Baadhio R A 1993
Quantum topology (World Scientific) vol. 3
[5] Keimer B and Moore J E 2017 Nat. Phys. 13 1045
[6] Rondin L, Tetienne J-P, Hingant T, Roch J-F, Maletinsky P
and Jacques V 2014 Rep. Prog. Phys. 77 056503
[7] Plakhotnik T, Doherty M W, Cole J H, Chapman R and
Manson N B 2014 Nano Lett. 14 4989
[8] Dolde F, Doherty M W, Michl J, Jakobi I, Naydenov B,
Pezzagna S et al 2014 Phys. Rev. Lett. 112 097603
[9] Doherty M W, Struzhkin V V, Simpson D A, McGuinness L
P, Meng Y, Stacey A et al 2014 Phys. Rev. Lett. 112 047601
[10] Ariyaratne A, Bluvstein D, Myers B A and Jayich A C B
2018 Nat. Commun. 9 2406
[11] Lillie S E, Broadway D A, Dontschuk N, Scholten S C,
Johnson B C, Wolf S et al 2020 Nano Lett. 20 1855
[12] Liu G-Q, Feng X, Wang N, Li Q and Liu R-B 2019 Nat.
Commun. 10 1344
[13] Childress L and Hanson R 2013 MRS Bull. 38 134
[14] Schirhagl R, Chang K, Loretz M and Degen C L 2014 Annu.
Rev. Phys. Chem. 65 83
[15] Zhang H, Belvin C, Li W, Wang J, Wainwright J, Berg R
et al 2018 Am. J. Phys. 86 225

276

Page 10 of 10

[16] Webb J L, Clement J D, Troise L, Ahmadi S, Johansen G J,
Huck A et al 2019 Appl. Phys. Lett. 114 231103
[17] Wolf T, Neumann P, Nakamura K, Sumiya H, Ohshima T,
Isoya J et al 2015 Phys. Rev. X 5 041001
[18] Degen C L, Reinhard F and Cappellaro P 2017 Rev. Mod.
Phys. 89 035002
[19] Wang Z-H, de Lange G, RistèD, Hanson R and Dobrovitski
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