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Abstract

In modern-day quantummetrology, quantum sensors are widely employed to
detect weak magnetic fields or nanoscale signals. Quantum devices, exploiting quan-
tum coherence, are inevitably connected to physical constants and can achieve accu-
racy, repeatability, and precision approaching fundamental limits. As a result, these
sensors have shown utility in a wide range of research domains spanning both science
and technology. A rapidly emerging quantum sensing platform employs atomic-scale
defects in crystals. In particular, magnetometry using nitrogen-vacancy (NV) color
centers in diamond has garnered increasing interest. NV systems possess a combina-
tion of remarkable properties, optical addressability, long coherence times, and bio-
compatibility. Sensors based on NV centers excel in spatial resolution and magnetic
sensitivity. These diamond-based sensors promise comparable combination of high
spatial resolution and magnetic sensitivity without cryogenic operation. The above
properties of NV magnetometers promise increasingly integrated quantummeasure-
ment technology, as a result, they have been extensively developed with various
protocols and find use in numerous applications spanning materials characterization,
nuclear magnetic resonance (NMR), condensed matter physics, paleomagnetism,
neuroscience and living systems biology, and industrial vector magnetometry. In this
chapter, NV centers are explored for magnetic sensing in a number of contexts. In
general, we introduce novel regimes for magnetic-field probes with NV ensembles.
Specifically, NV centers are developed for sensitive magnetometers for applications
where microwaves (MWs) are prohibitively invasive and operations need to be
carried out under zero ambient magnetic field. The primary goal of our discussion is
to improve the utility of these NV center-based magnetometers.

Keywords: NV center, novel magnetometry
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1. Introduction

1.1 Microwave-free magnetometry

The negatively-charged NV center in diamond, an atomic-scale defect consisting
of a substitutional nitrogen adjacent to a vacancy in the diamond lattice, has
emerged as a unique nanoscale sensor with numerous interesting applications in the
past years and has been extensively explored which yields various technological
breakthroughs. It can be used, based on employing electron spin resonance (ESR)
techniques, to detect magnetic fields [1], temperature [2, 3], electric fields [4],
strain [5], rotation [6, 7], and other fundamental physical quantity, for example,
quantum geometrical phases [8]. In particular, the NV center in diamond has been
proved to be a successful magnetic-field sensor by using the technique optically-
detected magnetic resonance (ODMR) [9], for both with single and ensembles of
NV centers [1, 10, 11]. The ODMR sensing protocols are typically realized by
polarizing the NV electron spin with green light and manipulating the spin state
with MW fields. An optical readout step involves either detection of NV-
photoluminescence (PL) [1] or absorption of 1042 nm radiation resonant with the
singlet transition [12–15]. When the applied MW fields are resonant with the split-
ting of the magnetic sublevels in the ground state of the NV-center, the transfer of
spin populations results in an observable change in PL or absorption.

The use of strong MW fields is not desirable in certain cases that it can produce
interference in the measurement environment which is detrimental to the sensing
protocol and therefore limits the applications of an NV-based sensors. An example
is, in the context of magnetic induction tomography, the detection of eddy currents
in conductive materials [16–18], which is later demonstrated in the publication
[19], where the application of MW to the diamond will be heavily affected by the
presence of a conductive structure under investigation. Another example is imaging
the pattern of conductive, magnetic structures [20].

There have been, in the literature, several demonstrations of MW-free, and all-
optical, diamond-based magnetic measurement, which are implemented initially
with single NV centers [21–23], and recently with NV ensembles [20]. These pro-
tocols have been realized by exploiting either the properties of the NV-center’s PL or
their decoherence properties at certain external magnetic fields. In particular, one of
the main approaches exploits the properties of the NV-center PL in the strong
magnetic-field regime for all-optical magnetic field mapping. The basic operating
principle resides on the fact that under the application of a strong magnetic field
(much stronger than any strain field within the diamond crystal), the transverse
magnetic-field components induce mixing of the NV-center spin states. Note that this
spin-mixing leads to modifications of the NV spin dynamics under optical illumina-
tion, yielding a reduction of the ODMR contrast, which eventually hampers ODMR-
based magnetometric protocols. However, this reduction in contrast is accompanied
by an overall reduction of the NV-center PL, which can be exploited in an all-optical
magnetic-field sensing and imaging protocol. So far, these protocols remain either
qualitative, requiring complicated setups to achieve high spatial resolution, or lack
high magnetic-field sensitivities and bandwidth.

An alternative approach exploits the decoherence properties of the NV-center.
The presence of high off-axis magnetic fields increases the amount of spin mixing and
results in a reduction of the longitudinal spin relaxation time (T1) [24]. This tech-
nique has been used to image weak fluctuating magnetic fields and to characterize
spin noise in ferromagnetic materials. More recently, an all-optical, MW-free, spin-
relaxation contrast magnetometer for the imaging of thin magnetic films, with a
temporal and spatial resolution of 20 ms and 440 nm, respectively, was realized [20].
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Recently, it has been demonstrated the principles of a sensitive MW-free mag-
netometer by exploiting the properties of the ground-state level anticrossing of the
NV center in diamond. In particular, a �102.4 mT background magnetic field
causes degeneracy and mixing (anticrossing) of ground-state Zeeman sublevels,
which is observable as a drop in the fluorescence signal. Changes in the external
magnetic field will perturb the anti-crossing condition and, thus, result in a
photoluminescence signal that can be monitored and used for magnetic-field mea-
surement. This type of magnetometer offers technical and logistical advantages in
bio-imaging and conductive-material sensing. Finally, the MW-free technique is
deployed to perform eddy current detection. The method exhibits a combination of
high spatial resolution and high sensitivity. As an example of application, detection
of eddy-current induced magnetic field on metal samples, by implementing a
cross-relaxation, microwave-free, magnetic detection scheme, is demonstrated.
Compared to existing technologies, the demonstrated method exhibits higher,
sub-millimeter spatial resolution.

A schematic of the experimental setup is shown in Figure 1. The diamond is
placed within a custom-made electromagnet (Figure 1(a)) and can be rotated
around the z-axis. The electromagnet can be rotated around the y-axis and also
moved with a motorized 3D translation stage to align the magnetic field with the
respect to the diamond. Therefore, with all the degrees of freedom, the position of

Figure 1.
Schematic of the experimental setup. The diamond is placed within a custom-made electromagnet and can be
rotated around the z-axis. The electromagnet can be moved with a computer-controlled 3D translation stage to
align the magnetic field with respect to the diamond. The laser light propagates through an acousto-optical
modulator, part of which is monitored on a photodetector (PD). The signal is used as a monitor/measurement
signal to a PID controller to stabilize the beam power. The beam is focused with a 40 mm focal-length lens into
the diamond after the acousto-optic modulator (AOM). The photoluminescence is collected with a 30 mm focal-
length lens (numerical aperture � 0:5) and focused onto a PD. The PD signal is sent to the lock-in amplifier
(LIA). Figure adopted from Ref. [25].
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diamond can be centralized in the magnet and the alignment of the [25] NV-axis to
the magnetic field can be optimized.

To apply small modulation of the magnetic field, a secondary coil is wound
around the diamond mount. An oscillating field Bm is produced by the coil which is
also used as the local oscillator for the LIA.

The NV centers in diamond are optically spin-polarized with 532 nm laser light.
Before the diamond, the light is sent trough an acousto-optical modulator to enable
power modulation. Part of the laser light is split-off and measured on a photodiode
(PD). The signal is input into a feedback controller to stabilize the beam power.
After the AOM, the beam is focused with a lens into the diamond. The red/near-
infrared NV-PL is collected with a 30 mm focal-length lens, which is then separated
from the green transmission with a dichroic mirror and a notch-band optical filter
for the green pump light before it’s being focused onto a PD. The readout signal is
demodulated by the LIA at the modulating frequency or measured at DC.

The magnetic field was scanned from 0 mT to more than 110 mT after initial
alignment and calibration of the magnet, and the PL was monitored. It shows the
measured PL measured as a function of the applied external magnetic field in
Figure 2(a) and the corresponding LIA signal in Figure 2(b). The modulation
frequency of the field was 100 kHz, the modulation amplitude was about 0.1 mT.

Both plots contain several features previously discussed in the literature. The
initial gradual decrease in PL is associated with a reduction in emission of the non-
aligned NV centers due to spin-mixing [27]. The observed features around 51.4 mT,
correspond to cross-relaxation events between the NV center and single substitu-
tional nitrogen (P1) centers [27–29]. Several additional features are visible. They
can be associated with cross-relaxation events with either the nuclear spins of
nearby P1 centers [27–29] or nuclear spins of 13C atoms. For details, readers can
refer to Wickenbrock et al. [25] and Ivady et al. [30].

Figure 2.
(a) NV-PL as a function of the applied magnetic field normalized to the PL at 80 mT. (b) Derivative signal of
(a) as given by the in-phase output (X) of the LIA. Figure adopted from Ref. [26].
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Around the ground-state level anticrossing (GSLAC) feature, the derivative
fluorescence signal as detected in the properly phased LIA X-output depends line-
arly on the magnetic field and can therefore be used for precise magnetic-field
measurements. To subtract the coefficient for translating the LIA output signal
into magnetic field value, the data within the near-linear region around the
zero-crossing point are fitted with a straight line. Then the background magnetic
field is set to the magnitude corresponds to the zero-crossing point where the
magnetometer is maximally sensitive to external magnetic fields. At this field, the
setup is insensitive to magnetic field variations and the data can be used to under-
stand the technical noise level of the magnetometer. The noise floor is flat and

around 6 nT/
ffiffiffiffiffiffiffi

Hz
p

[25] (Figure 3).
We now discuss an application of the presented MW-free sensing technique,

that is the detection of magnetic fields generated by eddy currents in conductive
materials. Eddy currents are induced in conductive objects when an oscillating or
pulsed magnetic field is applied. These currents in turn produce a magnetic field in

Figure 3.
Magnetometer noise characterization. (a) Calibration data and linear fitting of the GSLAC feature around
102.4 mT. (b) Magnetic sensing validation by applying a square-wave magnetic-field. (c) Noise floor of the
magnetometer: Magnetically sensitive configuration with pump laser light not stabilized (green) and stabilized
(red), configuration of magnetically insensitive with pump laser light stabilized (blue) and electronic noise
without the pump light stabilization (black). Figures adopted from Ref. [25].
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response. A measurement of this field provides means to detect the eddy currents
[18]. The induced field depends on the material’s properties and shape, as well as
the skin depth for the applied alternating field [19]. This has been demonstrated
with vapor-cell magnetometers [18] and is a standard technique in industry with
inductive coils. The detection of eddy currents with coils is an established tech-
nique. The benefits of using NV centers could be the high spatial resolution and the
possibility to investigate highly conductive materials since the magnetometer can
sense oscillating fields down to DC.

The eddy-current detection should be realized without MWs, since, because of
the proximity to conducting materials, the amplitude and phase of the MWs are
affected and therefore the magnetometric performance would be deteriorated. For
this reason, the work was carried out with a MW-free NV magnetometer. As shown
in Figure 2, the photoluminescence of NVs changes as the applied magnetic field
increases. All the features in the plot, including the initial gradual decrease (at fields
from zero to ≈ 25 mT), the NV-P1 feature, the NV-NV interaction feature and the
GSLAC, can be utilized to probe magnetic fields. As investigated in Ref. [19], the
initial gradual decrease of the NV PL is the most robust to misalignment between
the applied magnetic field and the preferential NV axis among those features.
Therefore, it is chosen to perform eddy current detection.

One of the advantages of NV-based sensors is their spatial resolution. For eddy-
current imaging, for a constant conductivity, the smaller a material is, the smaller
the amplitude of the secondary field it produces. As a test of spatial resolution,
fifteen 1 mm-diameter 35 μm thick aluminum disks are imaged. The LIA amplitude
and phase affected by these disks, as response of the NV-based magnetic field
sensor, is shown in Figure 4. The overall pattern formed by the metal disks and
non-magnetic materials between them, which are both on the scale of sub-
millimeter, are clearly visible.

2. Microwave-free vector magnetometry

Sensitive vector magnetometers are exploited in applications including magnetic
navigation [31], magnetic anomaly detection [32], current and position sensing
[32], and measuring biological magnetic fields [33, 34]. Several versatile

Figure 4.
(a), (c) Lock-in phase and lock-in R amplitude for a PCB containing fifteen aluminum dots imaged with
eddy-current (b) photograph of the PCB with the corresponding length of 1 mm noted for scale. Figures adopted
from Ref. [27].
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magnetometry platforms have emerged over the past decades, such as Hall probes,
flux-gate, tunneling-magnetoresistance [35], SQUID based magnetometry [36] and
vapor-cell-based magnetometry [37, 38]. Particularly compelling are sensors based
on negatively charged NV centers in single-crystal diamond, providing high-
sensitivity magnetic sensing and high-resolution imaging [15, 39, 40]. There is
growing interest in magnetic-field sensors with high spatial resolution, for example
to study biological processes or the composition of materials. NV magnetometry
allows measuring magnetic fields at microscopic scales and/or at ambient tempera-
ture, providing new tools for probing various phenomena including semiconductor
materials [41] and metallic compounds [42], magnetism in condensed matter sys-
tems [43], and elucidating spin order in magnetic materials [44].

To date, vector magnetometers based on NV diamond have been realized by
interrogating ensembles of NV centers along multiple orientations [45, 46] or rely-
ing on a hybrid quantum platform involving a NV center probe and a nuclear-spin
qubit at particular positions [47]. These techniques, however, are all based on
ODMR technique that needs to apply microwaves simultaneously or sequentially
[45, 46, 48]. The requirement of microwave control brings the possibility of spuri-
ous harmonics within the measurement and hinders applications in areas where the
application of microwaves is prohibitively invasive and where it is inherently diffi-
cult to achieve such control. Although NV magnetometers have been implemented
as vector magnetic probes at room temperature, it has remained challenging to
achieve vector capability under cryogenic temperatures (less than 4 K) due to
difficulties with thermal management. Heat dissipation from microwave wires is
unavoidable and causes temperature variations, restricting the sensors for numer-
ous innovative applications [49].

The work Zheng et al. [50] proposes and demonstrates a protocol that enables
vectorial measurement of magnetic fields by interrogating an ensemble of NV
centers aligned along only a single crystallographic axis at the GSLAC. By applying
two orthogonal alternating fields, parallel and perpendicular to the chosen axis, the
presented technique offers simultaneous and direct readout of full vector magnetic
information, free from systematic errors during reconstruction. In contrast to
existing approaches, this protocol does not employ microwave fields. Thus it is
possible to extend NV-based vector magnetic sensing techniques to cryogenic
temperatures.

The proposed vector magnetic sensing protocol is based on optical detection of
the GSLAC of NV center in diamond. It was first proposed and demonstrated for
scalar magentometry in Wickenbrock et al. [25]. However, both the longitudinal
and transverse magnetic fields can lead to a change in the photoluminescence signal
at the GSLAC. While the response to the direction of the transverse component is
non-trivial [51, 52], achieving vectorial sensing of magnetic fields with a single NV
center or an ensembles along a single crystallographic axis faces a number of
significant challenges.

The NV center has a spin-triplet ground state (S = 1), which can be optically
polarized to ∣ms ¼ 0i and read out owing to a spin-dependent intersystem crossing
into intermediate singlet states. At zero field, the ∣ms ¼ �1i states are (nearly)
degenerate; however, these states lie higher in energy than the ∣ms ¼ 0i state due to
spin–spin interaction. This is the zero-field splitting Dgs and corresponds to a
frequency difference of 2:87 GHz. Because of Zeeman effect, a subset of NV
centers’ magnetic sublevels experience a complex GSLAC at an field Bz ≈ 102:4 mT
[25, 53]. The energy levels, including the coupling to the intrinsic nuclear spin of
nitrogen (I=1), of the NV center are shown in Figure 5(a).

Figure 5(b) shows the photoluminescence spectrum as a function of the exter-
nal magnetic field. The GSLAC appears as a remarkably sharp feature around 102.4
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mT, zoomed-in in the inset. In the inset, the visible satellite features can be attrib-
uted to cross-relaxation with the nearby spin bath [13, 25, 27, 28]. The ∣ms ¼ 0i and
∣ms ¼ �1i magnetic-sublevel can be coupled/mixed by transverse fields and there-
fore the profile of the GSLAC feature are affected which changes the contrast and
amplitude. Figure 5(c) shows the traces of the GSLAC feature for several transverse
fields in the range of �0.06 mT. The amplitudes of the GSLAC feature as a function
of transverse field is indicated by the trace-colored dots and connected with the
black line. In summary, the GSLAC contrast exhibits a relatively narrow (FWHM ≈

38 μT) magnetic-resonance feature as a function of transverse magnetic field cen-
tered around zero transverse field.

To adapt a scalar magnetometer for vector measurement, it is typical to apply
orthogonal fields modulated at various frequencies. Thus it is possible to determine
the components along each direction by individually demodulating the signal [38].
The authors propose a method to realize vector-field sensing in the x-y plane using a
transverse field rotating around the z-axis with just one frequency.

To gain an intuitive understanding, the PL lineshape is approximated as a
function of transverse magnetic fields with a 2-D Lorentzian centered around
Bx ¼ By ¼ 0, Figure 6(a) (i). With a transverse field applied that is rotating around
z, the PL signal will be reduced but remains unmodulated, indicated by the red
curve in Figure 6(a) (ii). In the presence of an additional static transverse field,
the PL signal shows a modulation at the rotation frequency with a minimum when
the rotating field points in the same direction as the field under interrogation and
a maximum when both are antiparallel, shown in Figure 6(a) (iii), (iv) and (v).
The difference between the PL signals with (red curve) and without (blue curve)

Figure 5.
(a) The NV ground-state energy level scheme as a function of the applied axial field. Depending on the degree of
mixing, the energy levels either cross or do not cross, shown in detail in the inset. (b) the spectrum of
photoluminescence signal as a function of external magnetic field, normalized to their respective signals at 80
mT. a detailed view around the GSLAC trace is shown in the inset. Other features are explained in the
references [28, 29]. (c) Pl traces around the GSLAC under various transverse fields. The amplitude of the
contrast extracted from the curves is shown as a two-dimensional plot in a plane, indicated by solid dots in
corresponding trace colors. Figures adopted from Ref. [53].
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applied transverse field is shown in Figure 6(b). This is then demodulated by a LIA
which delivers the information of both the amplitude and the angle of the magnetic
field to be measured, as shown in Figure 6(c). The reference phase of the LIA was
set so that a magnetic field along the x-axis corresponds to phase zero (and negative
amplitude). The LIA output shows a maximum value at 0o when applying a field
along x-axis, shown in Figure 6(c). An applied field in any other direction leads to
an oscillating PL signal with a corresponding phase. Therefore, the phase output of
the LIA is the angle between the transverse field to be measured and the defined x
and y axes.

All Cartesian magnetic-field components can be directly read out in real time
with equal sensitivity in all directions, with the above mentioned x and y plus the
previously demonstrated longitudinal magnetic field measurement [25]. Note here,
that the coordinate axes in the x-y plane is set by the reference phase of the LIA for
the transverse-field signal demodulation while the phase for z-axis demodulation is
tuned to maximize the amplitude of the response signal.

The experimental setup is based on Figure 1 and extended with three pairs of
orthogonal Helmholtz coils wound on a 3D printed mount. Sinusoidal signals for
field modulations in the longitudinal and transverse directions and references for

Figure 6.
Principle of the vectorial magnetic-field sensing. (a) Simulated photoluminescence signals as a function of
transverse field. The trajectories of PL signals superimposed on the 2-D Lorentzian contrast function are
indicated with red curves. Figures i) to v), correspond to the following cases: i) no modulated fields and no bias
fields, ii) with modulated fields but no bias fields (the time-averaged PL drops), iii) with modulated fields and
bias field along y, iv) with modulated fields and bias field along x, v) with modulated fields and bias field in
x-y plane, respectively. (b) the subtraction of photoluminescence signals with/without presence (red curve/blue
curve) of a bias field. (c) Simulated analog photoluminescence signals as a function of the angle of the
modulated field referenced to the x-axis for transverse fields, flipped by 180o corresponding to (a) and (b).
Figures adopted from Ref. [53].
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the demodulation by two LIAs are provided by a two-channel function generator.
One of the signals is split into two with one of them further passing through a phase
shifter. These two signals are applied to two pairs of the Helmholtz coils with the
same frequency but 90-degree-shifted relative phase (along the x and y axes). The
Helmholtz coil pairs for the field modulation can also be used to calibrate the
response to AC and DC magnetic fields B ¼ Bx, By, Bz

� �

. The applied fields, in the

range of �4 μT along each direction, are calibrated by flux gate magnetometers and

Figure 7.
Demonstration of full vector sensing capability. (a) Trajectory of the detected magnetic fields using the
microwave-free vector magnetometer. The green curve indicates the 3D applied field and the brown curve is the
projection on x-y, x-z, y-z planes. The vectors of the measured fields are indicated by red arrows. (b) the
decomposed Cartesian components of both the measured (red circles) and applied (green points) magnetic

fields. The applied field follows a parametric curve (black dashed lines) with Bx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bj j2 � Bz2
p

cos 2πtð ÞμT,
By ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bj j2 � Bz2
p

sin 2πtð ÞμT and Bz ¼ 6:82 t � 3:41μT. (c) the altitude angle (between B and the z-axis)
θ ¼ arccos Bz=jBjð Þ (yellow dots) and the azimuth angle (between the projection of B in the x-y plane and the
x-axis) ϕ ¼ arctan By=Bx

� �

¼ 2πt (blue dots) for each measured point. In the experiment, the altitude angle θ
decreases in time from 180o to 0o and the azimuth angle ϕ increases from 0o to 360o. Figures adopted from
Ref. [53].
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consistent with a priori calculations from the known coil geometry and the applied
currents.

As a demonstration of full-vector sensing capacity, a set of static magnetic field
vectors, whose trajectories were designed along a 3D a spiral curve on a sphere, was
applied and measured. Figure 7(a) shows the spiral curve and the corresponding
amplitudes are displayed in Figure 7(b). The component in z direction is ∣B∣ cos θ,
where ∣B∣ is the magnitude of the applied magnetic field vectors and θ is the altitude
angle (between the magnetic field to be measured and the z-axis). The Bx and By are
∣B∣ sin θ cosϕ and ∣B∣ sin θ sinϕ, respectively, where ϕ is the azimuth angle (between
the projection of B in the x-y plane and the x-axis). Figure 7(b) shows the
corresponding values of Bx and By. The measured field components in x and y

directions show good agreement with the amplitudes determined by a priori
calculations. The trajectory was measured multiple times and the angles were
reconstructed every time, shown in Figure 7(c) with the statistical error.

With the basic protocol established, this simultaneous vector magnetometry
method should be extendable to single-NV probes. Single NV centers in diamond
have been exploited to detect fluctuating magnetic fields (used as scalar relaxometry
magnetometers) without microwaves [53, 54] as they share the spin dynamics near
the GSLAC investigated above and in literature [53]. Both techniques, the present
GSLAC-based vector magnetometry and relaxometry magnetometry, rely on moni-
toring the photoluminescence signal when the NVs are precisely turned to/near the
GSLAC. Since they are operated with similar apparatus, the experimental setup for
the latter can be extended for vector magnetic sensing by adding a set of 3D Helm-
holtz coil pairs and two LIAs. As there are no technical barriers for implementing the
protocol onto a single NV center, it appears realistic to achieve nanoscale vector
magnetometry applicable in a broad range of temperatures.

3. Zero-field magnetometry

Negatively charged NV centers in diamond have garnered wide interest as
magnetometers [1, 10, 15, 25, 51, 55], with diverse applications ranging from elec-
tron spin resonance and biophysics to material science [56–62]. However, typical
operation of an NV magnetometer requires an applied bias magnetic field to
nonambiguously resolve magnetically sensitive features in the level structure. Due
to the Zeeman effect, the bias field lifts degeneracy among the NV ground-state
magnetic sublevels, allowing microwave transitions between spin states to be
addressed individually [11]. Such a bias field can be detrimental for applications
where it could perturb the system under examination, such as measurements in
magnetically shielded environments and in magnetic susceptometry [63].

Elimination of the need for a bias fieldwould extend the dynamic range ofNV-based
magnetic sensors to zero field. Zero-field NVmagnetometry opens up new application
avenues, andmakes these versatile, solid-state sensors competitive with other magnetic
field probes such as SQUIDs and alkali-vapor magnetometers [64, 65], because, despite
the lower sensitivity of NVs, they offer additional benefits due to high spatial resolution
and small sensor size, capability of being operated over large ranges of pressure and
temperature, and wide bandwidth [1]. The relative simplicity of NVsmagnetometers
can readily complement existing sensors in applications such as tracking field fluctua-
tions in experimental searches for electric dipole moments [66], zero- and ultra low-
field NMR [67, 68], andmagnetoencelography or magnetocardiography [26, 69].

Magnetically sensitive microwave transitions within NV centers can be probed
using the ODMR technique. At zero field, however, these transitions overlap, and
shift equally with opposite sign in response to magnetic fields. Therefore, NV
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ensembles have been considered unusable as zero-field magnetometers [1], except
in certain cases, for detecting ac fields in the presence of applied microwaves [70].

A schematic of the experimental apparatus is described in Zheng et al. [71]. The
ODMR traces around zero field are taken by sweeping the frequency of linear
microwaves under a range of magnetic field values around zero. The ODMR
acquired spectra are presented in Figure 8(a), which show transitions originating
from all crystal orientations, with hyperfine structure resolved for nuclear spin I = 1.
These transitions are shown in detail at specific field values in Figure 8(b), includ-
ing at zero field, where 12 transitions overlap and merge into four distinct features.

The authors employ circularly-polarized microwaves to drive a single electron
spin transition out of the feature composed of overlapping resonances. This single
transition, due to Zeeman effect, has a linear dependence on the external magnetic
field. The circular microwaves are generated by two, 200-μm wires separated by a
distance d ¼ 4:5 mm, printed on a circuit board that follows the design of Ref. [72].
The diamond is placed above the board with d=2 distance. Each wire carries a MW
signal split from the same source, with one passed through a variable phase shifter.
This design and arrangement yield orthogonal oscillating magnetic fields to the
111h i-oriented NV centers in the diamond sample, which is verified with the high
contrast between ODMR traces at certain field with σþ or σ� circularly-polarized
microwaves (Figure 9(a)). The microwave field can be varied between linear and
circular (Figure 9(b)).

Figure 9 shows the efficacy of the circular MW polarizing. In particular,
Figure 9(b) and (c) demonstrate a relative suppression of σþ and σ� transitions to
below 1% of the maximum contrast, respectively. Previously overlapping transi-
tions are thus isolated, removing the symmetric dependence as a function of the
field to be measured.

It is demonstrated with a 250 pT=
ffiffiffiffiffiffiffi

Hz
p

noise floor for the above NV-based zero-
field magnetometer. The device employs NV ensemble in diamond with a well-

Figure 8.
(a) ODMR spectra with linearly polarized MWs as a function of the axial magnetic field, with transitions
originating from all crystal-axis orientations. Those transitions corresponding to NVs oriented along the
direction of the applied field are labeled (∣ms,mIi) and overlaid with the calculated transitions. The transitions
that are not labeled are assigned to NV centers that are not oriented along the 111h i direction. These features
overlap because they experience a common relative angle with the applied field. (b) ODMR traces for selected
values of Bz. The central transitions are split at near zero field. The higher-energy peak at ≈2872MHz are the
transitions ∣ms ¼ 0,mI ¼ �1i ! ∣ms ¼ þ1,mI ¼ �1i and ∣ms ¼ 0,mI ¼ þ1i ! ∣ms ¼ �1,mI ¼ þ1i. The
lower-energy peak at ≈ 2868 MHz corresponds to the transitions ∣ms ¼ 0,mI ¼ þ1i ! ∣ms ¼ þ1,mI ¼ þ1i
and ∣ms ¼ 0,mI ¼ �1i ! ∣ms ¼ �1,mI ¼ �1i. Figures adopted from Ref. [71].
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Figure 9.
(a) ODMR spectrum at certain field with circularly-polarized MWs (the polarization of the applied MW is
indicated at the right bottom corner of each sub-figure: Top σ� and bottom σþ). The peaks are labeled into
4 groups, peaks A and D (B and C) correspond to the transitions from ∣ms ¼ 0i to ∣ms ¼ �1i and ∣ms ¼ 0i
to ∣ms ¼ 1i of on-axis (off-axis) NVs, respectively. (b) Subtracted contrasts of A and D by Lorentzian
fitting, as a function of the relative phase between two applied microwave fields. Blue crosses (amber circles)
indicate the amplitudes of A (D). (c) ODMR traces under linear, σ�, σþ MWs at various magnetic fields.
The color scale indicates the peak depth, in percent, relative to the off-resonant case. Figures adopted from
Ref. [71].
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resolved ground-state hyperfine structure, and uses circular microwaves to selec-
tively excite transitions between the magnetic sublevels, in the absence of such
selectivity, yield ODMR signals that are first-order magnetically insensitive at near
zero field. This device can find use in applications where a bias field is undesirable
and extends the dynamic range of NV magnetometry to cover existing zero-field
technologies such as SQUIDs and alkali-vapor magnetometers. Further improve-
ments in the present technique will result in sensitivities that are beneficial for NMR
at zero and ultra-low fields and, with further miniaturization, these zero-field
diamond sensors can be useful in biomagnetic applications such as magnetocar-
diography and magnetoencelography.

4. Outlook

This chapter focuses on a number of novel magnetic sensing techniques with NV
centers in diamond. In Section 2, a novel method for a microwave-free magnetom-
eter based on the GSLAC, together with its utilization to achieve eddy-current
imaging, is described. In addition, approaches to improve the sensitivity of the
MW-free magnetometers and a different detection method–cavity-enhanced
singlet-absorption measurement are discussed. In Section 3, we introduce a vector
magnetometer based on the GSLAC microwave-free magnetic sensing technique,
which enables simultaneous measurement of all Cartesian components of a mag-
netic field. In Section 4, we presented a magnetometric prototype based on ODMR
which is realized with circularly polarized MWs. This magnetometer operates at
zero ambient field and thus extends magnetic sensing dynamic range and opens up
new application avenues. All the above magnetometers are realized in continuous-
wave mode and can be potentially operated with pulse sequences.

This chapter advances in ultra-sensitive, high-bandwidth magnetometry with
NV ensembles. Significant work remains to bring each to its full potential. Advances
will most likely be driven by both improved pulse sequences and better materials.
Additionally, the performance can be further improved with approaches such as
increasing the photon collection efficiency, extending NV spin coherence times,
increasing readout fidelity, and suppressing common-mode noise by differential
detection and so on.

The ability to detect magnetic field patterns with high magnetic sensitivity and
spatial resolution could prove a useful characterization tool in a number of fields. In
particular, NV magnetometers can be used for non-invasively magnetically imaging
biomagnetic systems (e.g., neurons, cardiac cells, and magnetic organs used for
navigation) using microwave-free probes, vectorial stray-field imaging of magnetic
structures, and detecting nuclear magnetic resonance of chemically exchanging
systems at zero field [73]. The presented techniques are potentially applicable to
single NV center probes, which would facilitate extraction of magnetic information
with nanoscale spatial resolution and would boost numerous applications.

Additional information

This chapter is based on the PhD Thesis of Huijie Zheng.
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