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Imaging Damage in Steel Using a Diamond Magnetometer
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We demonstrate a simple, robust, and contactless method for nondestructive testing of magnetic mate-
rials such as steel. This uses a fiber-coupled magnetic sensor based on nitrogen-vacancy centers (NVCs)
in diamond without magnetic shielding. Previous NVC magnetometry has sought a homogeneous bias
magnetic field on the diamond to improve the sensitivity. In contrast, here we show that the spatial res-
olution for imaging is improved by applying an inhomogeneous magnetic field to the steel even though
this leads to an inhomogeneous magnetic field on the diamond. Structural damage in the steel distorts the
inhomogeneous magnetic field and by detecting this distortion we reconstruct the damage profile through
quantifying the shifts in the NVC Zeeman splitting. With a 1-mm magnet as the source of our inhomo-
geneous magnetic field, we achieve a high spatial resolution of 1 mm in the plane parallel and 0.1 mm
in the direction perpendicular to the surface of the steel. This works even when the steel is covered by a
nonmagnetic material. The lift-off distance of our sensor head from the surface of 316 stainless steel is up
to 3 mm.

DOI: 10.1103/PhysRevApplied.15.024015

I. INTRODUCTION

The optically detected magnetic resonance (ODMR)
of nitrogen-vacancy centers (NVCs) in diamond can be
used as a magnetic sensor [1,2]. Key strengths of NVC
magnetometry are the high dynamic range [3], operation
over wide temperature ranges [4], suitability for high-
radiation environments [5], and chemical inertness. The
property of ODMR allows nanoscale-resolution magne-
tometry, when employing single centers [6–8]. Conversely,
an ensemble of NVCs allows for higher sensitivities at the
expense of the spatial resolution [2,9–11], with high sen-
sitivities achieved for both dc [11–16] and ac frequencies
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[17,18]. A range of applications have been demonstrated,
from single-neuron action-potential detection [13] to eddy-
current-induced magnetic field detection of conductive
samples [19] for material analysis.

The identification of structural defects through the use
of magnetic flux leakage (MFL) is a nondestructive testing
technique that is among the most-used methods for yield-
ing information about the nature of unknown defects in
magnetic materials [20–28]. MFL measurements involve
magnetically saturating the target material. If there is no
damage, the magnetic flux lines are unperturbed, but if
there is a flaw, magnetic flux will leak out of the material.
MFL measurements have found applications in industries
where the corrosion of magnetic material, such as steel,
will eventually lead to significant material loss and, in
particular, have been heavily utilized by the oil and gas
industries in pipeline inspection gauges to minimize the
need for costly excavations [29–37]. Several different mag-
netic field sensors are employed in industry, with the
key technologies being induction coils, Hall-probe sensors
and fluxgates, with each offering distinct advantages and
disadvantages [30]. Hall sensors in particular have found
great usage for MFL measurements due to their low cost
[30,38,39]; however, these sensors suffer from voltage
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drift, even in the absence of a magnetic field, and thus
require compensation and offer limited sensitivity in com-
parison to other sensors [30,38]. In addition, to effectively
utilize the techniques of MFL, the magnetic material under
inspection must undergo magnetic saturation [27,28,30].
This requirement sometimes makes it difficult to utilize the
technique in the field.

Two quantum systems have been used recently for imag-
ing structural damage in metals [19,40]. The first used an
atomic vapor cell to achieve a spatial resolution of 0.1
mm in the direction perpendicular to the surface of the
steel [40]. However, this required the use of a sensitive
commercial fluxgate magnetometer and 1-m electromagnet
coils to null the background magnetic field. Chatzidrosos
et al. [19] have demonstrated an NVC magnetometer
design without microwaves to remove the problem of
the ODMR microwaves interfering with the conductive
materials under study. This required a relatively high exter-
nal bias magnetic field of 102.4 mT, supplied by a large
water-cooled electromagnet.

Our sensor is based on ODMR of an NVC ensem-
ble, but the use of microwave excitation means that
we only need to apply a low bias magnetic field from
two permanent magnets. Our sensor-head design prevents
microwave leakage with a small Faraday shield and does
not use any compensation coils. Under our configuration,
we detect magnetic-flux-profile perturbations that arise
in the permanent-magnetic-bias fields that are used to
induce Zeeman splitting of the NVC; a simulated two-
dimensional (2D) magnetic flux profile of the setup is
shown in Appendix G. These perturbations occur when the

magnetic properties of the material are changed, such as
by structural defects due to corrosion. This method of flux
detection allows for reconstruction of the profile of defects
in magnetic materials such as common steels. Furthermore,
as the techniques employed do not require magnetic satu-
ration, we thus avoid some of the limitations inherent to
magnetic-flux-leakage measurements. We are still able to
provide a reconstruction of the examined defects without
the need for magnetic shielding. Our fiber-coupled design
with a small sensor head increases the flexibility for practi-
cal applications. The large lift-off of up to 3 mm allows this
sensor to examine magnetic materials directly even when
coated with a thick nonmagnetic layer.

II. EXPERIMENTAL DETAILS

We have previously achieved a sensitivity of 310 ±
20 pT/

√
Hz in the frequency range of 10–150 Hz using an

isotopically purified 12C diamond with a similar configu-
ration [41]. However, this configuration had poor spatial
resolution for imaging. Here, we solve this problem by
introducing a 1-mm permanent magnet, 2 mm from the
diamond. While improving the spatial resolution (due to
the steel experiencing an inhomogeneous bias field), the
resulting inhomogeneous bias field on the diamond impairs
the magnetic sensitivity. This means that there is no need
to use 12C diamond because our measurements are not lim-
ited by the natural abundance of 13C impurities. However,
the improvement of the sensitivity is still useful as it allows
a higher lift-off from the steel.

(a) (b)

(c) (d)

rf

FIG. 1. (a) A schematic of the experimental setup, including the neutral-density (ND) filter, microwave (MW) and radio-frequency
(rf) sources, the lock-in amplifier (LIA), and the two photodiodes (PDs) of the balanced detector. The light-gray rectangle containing
magnet 1 is the aluminum on which the microwave antenna is printed. (b) A schematic of the microwave antenna used for microwave
delivery. A pair of magnets are used to induce Zeeman splitting (the blue and red colors are used to illustrate the differing magnetic
poles). (c),(d) The 316-stainless-steel plates used in this work. The plate dimensions are 150 × 150 mm: here only a small area where
the defects are introduced onto the plates is shown for clarity; the size of the schematics is not to scale.
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The experimental setup is shown in Figs. 1(a) and 1(b);
see Appendix B for more details about the experimental
setup and Appendix C for more information about the dia-
mond. Figures 1(c) and 1(d) show the two test samples
used; each is made of 316 stainless steel with different slot
defects. Sample 1 contains a slot with a width of 3 mm,
with a gradient depth from 0 to 3 mm. Conversely, sample
2 has a slot with a fixed depth of 3 mm and a width rang-
ing from 3 to 5 mm. Both samples are mounted onto the
bed of a scanning stage while the sensor head is affixed to
the z-axis component stage. The scanning stage is used to
enable 2D scanning in the x and y axes, with a different lift-
off distance in the z axis. All data from the balanced output
are digitized using a Zurich MFLI DC-500 kHz lock-in
amplifier (LIA), with the microwave frequency modulated.

III. RESULTS AND DISCUSSION

The sensitivity of NVC magnetometers is highly depen-
dent on the orientation of the magnetic fields relative
to the NVC symmetry axis and the microwave delivery
parameters, such as the microwave power, the frequency-
modulation amplitude, and the modulation frequency [41,
42]. An NVC ODMR spectrum where the bias magnetic
field is aligned along a 〈111〉 orientation is shown [see
Fig. 2(a)]. A microwave power of 10 W is used, with a
frequency-modulation amplitude of 4.5 MHz and a mod-
ulation frequency of 3.0307 kHz; these parameters are
used for all measurements relating to structural-defect
quantification of the stainless-steel samples. The high-
lighted region at approximately 3 GHz is the region of
the ODMR feature where all scanning measurements of
the 316-stainless-steel plates are performed. The optimum
parameters of operation [see Fig. 2(b)] are found through
variation of the microwave power, between 0.2 W and 10
W, at a fixed frequency-modulation amplitude and mod-
ulation frequency. Conversely, the optimum frequency-
modulation amplitude is found through variation between
300 kHz and 6 MHz, while the microwave power and
modulation frequency are fixed. For each parameter, an
ODMR spectrum is taken and linear fits applied around
the central frequency of the ODMR feature in conjunc-
tion with a 1 s fast Fourier transform (FFT) of the voltage
output of the central frequency. The resulting sensitivity is
shown in Fig. 2(b), where each sensitivity is the mean of 96
FFTs; the errors are the standard deviation. We report the
sensitivity as the average sensitivity from 1 Hz to 15 Hz.
Appendix D compares the sensitivity with and without the
small magnet.

The resonance of the NVC shifts when the value of
the external magnetic field changes due to Zeeman shifts
of the ms = ±1 energy levels. Changes to the NVC res-
onance cause a change in the fluorescence and this cor-
respondingly changes the voltage output of the LIA. In

Fig. 2(c), changes to the external magnetic field inci-
dent upon the NVC are caused by changes introduced to
the distance between the sensor head and the surface of
the 316-stainless-steel plates in a damage-free area. The
distance of the sensor head from the surface of the fer-
romagnetic sample is increased and the voltage changes
to the LIA output are found (further details concerning
the NVC ODMR changes are discussed in Appendix E).
The reference point used is indicated by the dashed line
in Fig. 2(a): this corresponds to an LIA output value of
0.6 V. Although we could use any value as the refer-
ence voltage, provided that it is along the linear region
of the NVC ODMR resonance, and it is typical to use
the zero crossing point, we choose to use 0.6 V as the
starting reference voltage to make better use of the large
dynamic range, because we know that defects in the steel
reduce this voltage. If we were to use 0 V as the refer-
ence point, we would only be using half of the dynamic
range. A larger dynamic range allows a larger range of
lift-off distances to be used. The calibration in Fig. 2(c)
is performed upon a blank area of the 316-stainless-steel
sample. In this instance, the reference frequency is cho-
sen as the lowest value of the microwave frequency of the
highlighted feature in Fig. 2(a). It is evident in Fig. 2(c) that
the Zeeman-induced change experienced by the defects is
not linearly related to the distance from the steel plate.
This is attributed to the dipolar field pattern from the
permanent magnets used [43]. The trend of changes to
the LIA output during the lift-off process is indepen-
dent of the sensitivity [see Fig. 2(c)]; the trends are near
identical regardless of the microwave parameters used.
This is expected as provided that the measurements are
in the linear region of the ODMR feature, the differ-
ences should be entirely due to the bias magnets and their
position relative to the active area of sensing within the
diamond. As the differences caused are directly due to
magnetic flux distortions, it is entirely possible to use this
technique to map out the surface structure of magnetic
materials.

The voltage-change response of the magnetic field sen-
sor caused by the surface structure of the steel samples
is shown in Fig. 3. The step sizes of the scans in the x
and y directions are 1 mm. To prevent interference from
the motors of the scanning stage, a dwell time of 1 s is
implemented before the data-acquisition process begins.
This leads to a total scanning time of 2–3 s per point and
hence to a total scan time of approximately 66 min for a
20 × 45 mm scan. Both defects are mapped out and clearly
visible, as shown in Figs. 3(a) and 3(d). The lift-off dis-
tance between the surface of the sample and the sensor
head from the base of the antenna on the aluminum printed
circuit board (PCB) is 0.2 mm for all scans in both Fig. 3(a)
and Fig. 3(d). Using the voltage difference and the cali-
bration performed in Fig. 2(c), it is possible to evaluate
differences in the depth of the features. We believe that the
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(a)

(b) (c)

FIG. 2. (a) The ODMR spectrum from the lock-in amplifier
(LIA) output. (b) The dependence of the sensitivity on the input
microwave power (black square) and the modulation amplitude
(MA) (red circle). (c) The changes to the LIA voltage out-
put while monitoring a fixed microwave frequency when the
lift-off distance between the sensor head and a damage-free
316-stainless-steel sample is changed is shown. This is taken
under two differing sensitivity settings. The lift-off is 0.2 mm for
�Height = 0 mm.

increase in the normalized voltage output in Fig. 3(a) in the
top left corner is due to the larger magnet being close to the
sample edge.

Figures 3(a) and 3(d) reveal differences in profile and
show that damage in a ferromagnetic sample can be differ-
entiated based on its depth and width. To further highlight
these differences and confirm the distinction between depth
and width, the differences in the profile of the cross sec-
tions from Figs. 3(a) and 3(d) are analyzed by performing
Lorentzian fits across the width spanned by the defect.
Appendix F shows that even though the slot defects have
a “top-hat” shape rather than a Lorentzian shape, our data
are well fitted by a Lorentzian because of the imperfect
spatial resolution of our measurements. It is expected, for
a sample where the depth changes but not the width, that
the magnitude of the change to the LIA voltage output
will increase across the length of the defect but that this
change will not be reflected in changes to the full width at
half maximum (FWHM), which should remain fairly con-
stant. This is demonstrated by Fig. 3(c), where the FWHM
is for the most part constant, while Fig. 3(f) shows that
the amplitude increases in an almost linear fashion with
increases with the depth of the defect. The rapid change
in the shift voltage in Fig. 3(b) is due to the boundary of
the defect edge, where the depth change is at a maximum.

(a) (d)

(b) (e)

(c) (f)
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FIG. 3. (a),(d) 2D scan results for steel samples (a) 1 and (d)
2; respectively. The scan dimensions are 45 × 20 mm. (b),(e)
The amplitudes of Lorentzian fits to the cross-section profiles
of (a) and (d), respectively. (c),(f) The full width at half maxi-
mum (FWHM) of the cross sections of both defects imaged by
the sensor, shown for samples 1 and 2, respectively. COMSOL sim-
ulations are performed and the results are shown in (b), (c), (e),
and (f).

In contrast, it is expected that the magnitude of the change
for a sample the depth of which is unchanged will be con-
stant across the length of the defect, while the FWHM will
change with a larger width resulting in a larger FWHM
value. This is confirmed by Fig. 3(f), which shows a con-
stant increase in the FWHM as the width of the defect
increases but relatively constant voltage changes, as shown
in Fig. 3(e). COMSOL simulations of the experiment (see
Appendix G for details) yield defect cross sections and
magnitude signals that are in overall agreement with the
experiment. These results are shown in Figs. 3(b), 3(c),
3(e), and 3(f). The steel relative magnetic permeability
used is 1.02 in the simulation, as discussed in Appendix G.

Steel corrosion under insulation is an important global
problem and we demonstrate that it is possible to map the
defects even when they are covered by nonmagnetic mate-
rials, as shown in Figs. 4(a)–4(d). The lift-off distance is
3 mm for all scans in Fig. 4; when compared to those in
Fig. 3, the larger lift-off means that the magnetic flux from
the smaller magnet is incident over a larger area of the
steel. This leads to a worse spatial resolution in the plane
parallel to the sample surface: the x and y directions. There
are also more spurious signals than in Fig. 3, which will be
addressed in future research. On the z axis, we achieve a
0.1 mm spatial resolution, while for the x and y axes, we
reach approximately 1 mm, which we believe is limited by
the 1-mm size of the small magnet. The minimum lift-off
on the z axis is set by the nominal resolution of the scan-
ning stage on the z axis; increments lower than 0.1 mm are
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FIG. 4. Two dimensional (2D) scans of samples 1 and 2 when
covered with nonmagnetic material covering. The scan dimen-
sions are 45 × 20 mm. The structural defects present in samples 1
and 2 are encapsulated with the dashed line: (a),(c) are from sam-
ple 1; (b),(d) from sample 2. For (a) and (b), the steel is covered
with 1.5 mm of brass, while for (c) and (d), the steel is covered
with 2 mm of fiberglass.

not possible. It may be possible to enhance the spatial res-
olution either through using a smaller magnet or one that
is shaped to have a sharp point facing the steel.

IV. CONCLUSION

In this work, we demonstrate a method of imaging
defects in magnetic materials using a compact sensor based
on an ensemble of nitrogen-vacancy color centers in dia-
mond. This device can be used to detect structural defects
in magnetic materials and aid in their quantification even
when covered with nonmagnetic materials. It could be used
to find corrosion under insulation. Reducing the size of the
1-mm-cube bias magnet may improve the spatial resolu-
tion of our measurements. Furthermore, as the sensor head
is based on diamond, with further improvements to the
design, we expect that it would be suitable for operation
in radioactive environments [5] and at temperatures of up
to 300 ◦C [4].

All data used in the production of this work is available
online [44].
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APPENDIX A: NITROGEN VACANCY CENTER
MAGNETOMETRY PRINCIPLES

The NVC in diamond is a spin-1 color center with a
zero-field splitting of 2.87 GHz. The system is comprised
of two spin triplet states, the ground and excited states, 3A2
and 3E, respectively, along with two singlet states, 1A1 and
1E (see Fig. 5). The property of ODMR allows spin-state
readout through spin-dependent transitions that cause a
reduction in the red fluorescence emitted by the NVC when
in the ms = ±1 state compared to the ms = 0 state [1]. This
reduction is associated with transitions through an inter-
system crossing to the 1A1 state and then the 1E state. The
1E state has a relatively long lifetime [1]. The probability
of intersystem crossing is higher for the ms = ±1 states.
Optical excitation using a 532-nm laser allows spin initial-
ization into the 3A2 ms = 0 state. These properties allow
high signal-to-noise magnetic field detection when a bias
magnetic field is applied to the NVC [10].

FIG. 5. The energy-level diagram of the negatively charged
NVC. The parameter D is approximately 2.87 GHz at room tem-
perature. Nonradiative transitions are indicated by dashed lines.
The nondashed transition between the 1A1 and 1E energy levels
is the 1042-nm infrared transition. Under no applied bias field,
the ms = ±1 states are degenerate. When a magnetic bias field is
applied, the states are Zeeman split.
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APPENDIX B: EXPERIMENTAL DETAIL

A Laser Quantum 532-nm Gem laser is used to excite
fluorescence from the NVC ensemble. The output laser
power used is 1 W. A beam sampler (Thorlabs BSF10-
A) and neutral-density filter (Thorlabs ND10A) are used
to pick off 1% of the laser beam for laser-noise cancel-
lation using a balanced detector (Thorlabs PDB450A).
A 650-nm short-pass dichroic mirror (Thorlabs DMSP650)
is used to help separate the NVC fluorescence and the
laser excitation. For mechanical stability, the diamond
is mounted onto a custom-made aluminum microwave
delivery antenna board (CIF AAT10), which is affixed to
the sensor head. Microwaves are supplied by an Agilent
N5172B with the carrier wave frequency modulated; this
output is mixed with a 2.158-MHz sine wave generated
using an arbitrary function generator (RSPro AFG21005)
to simultaneously excite all three 14N hyperfine reso-
nances. This microwave output is then amplified using a
43-dB gain amplifier (Mini-Circuits ZHL-16W-43-S+) and
passed through a coaxial circulator. An approximately 1-
mm hole is drilled into the aluminum antenna at an angle
of approximately 45◦ and a distance from the microwave
excitation loop of 5 mm. A 1-mm-cube nickel-plated
(Nd,Fe)B magnet (Supermagnete W-01-N) is inserted into
the hole. A second magnet of dimensions 25 × 25 × 13
mm (Supermagnete Q-25-25-13-N) is used to reduce the
strength of the magnet nearest to the diamond to enhance
the magnetometer sensitivity; this magnet is housed in
a custom three-dimensionally printed holder, which is
affixed to the sensor head and enables a 360◦ rotation
of axes in two dimensions (those parallel to the x and y
axes) and orientation control in the axis parallel to the z
axis allowing for arbitrary alignment of the magnetic field
incident on the NVC ensemble.

The detection of damage in a magnetic material is pos-
sible as we monitor the magnetic-flux-profile change of
the two magnets. The 1-mm-cube magnet is used as a
probe that injects magnetic flux into a magnetic material.
When the magnetic properties of the material under study
changes, this will affect the magnetic flux profile of the
two magnets. As the same magnets are also used to induce
Zeeman splitting on the NVC ensemble, when there are
any changes to the magnetic flux, they can be detected by
the NVC ensemble. Due to the small size of the magnet
closest to the diamond, the field incident upon the NVC
ensemble is highly inhomogeneous. As the small magnet
is used as a probe to infer the magnetic properties of a
material, the spatial resolution is directly correlated with
the area of the sample that is magnetized. In addition, the
spatial resolution is also affected by the volume excited
by the 532-nm laser. For our excitation area, we measure
a beam waist of approximately 40 μm, with the excita-
tion on the z axis being 0.24 mm (the thickness of the
diamond).

APPENDIX C: DIAMOND MATERIAL
PROPERTIES

The diamond sample used in this work is a (100)-
oriented high-pressure high-temperature (HPHT) sample,
purchased from Element Six, of dimensions 1.83 × 1.85 ×
0.24 mm; this is laser cut from a larger HPHT plate. This
diamond is selected as it has a lower nitrogen content than
other similar HPHT samples. The diamond is electron irra-
diated with 2 MeV electrons at a dose of 1018 cm−2 at room
temperature. The diamond sample is afterward annealed
for 4 h at 400 ◦C, for 2 h at 800 ◦C, and for 2 h at 1200 ◦C;
at each step, a 1-h ramp is used between the temperatures
changes [45]. This multistage annealing processes is per-
formed to encourage NVC formation while minimizing the
presence of unwanted impurities. The diamond is mechani-
cally polished on all six sides until an optical-grade quality
finish is achieved. The diamond is subsequently cleaned
in a sulfuric acid (H2SO4) and potassium nitrate (KNO3)
solution for 60 min and then further cleaned for 20 min
in H2SO4. The concentration of the crystal defects in
the diamond is established though electron paramagnetic
resonance (EPR), Fourier-transform infrared spectroscopy
(FTIR), and ultraviolet-visible (UV-vis) spectroscopy. The
UV-vis data are taken using a Perkin Elmer Lambda 1050
spectrometer equipped with an Oxford Instruments Optis-
tat cryostat. The FTIR data are taken at room temperature
using a Perkin Elmer Spectrum GX FT-IR spectrome-
ter. The concentrations measured with EPR are 31 ppm of
single substitutional nitrogen and 1.8 ppm of negatively-
charged NVC. FTIR measures a concentration of 38 ppm
of single substitutional nitrogen and 2.9 ppm of singly-
positively-charged substitutional nitrogen. UV-vis mea-
sures a concentration of 4.3 ppm of negatively-charged
NVC and 0.4 ppm of neutral NVC. The differences in the
NVC concentrations between EPR and UV-vis may be due
to charge-transfer effects.

APPENDIX D: MAGNETOMETER SENSITIVITY

As the steepness of the slope of the LIA derivative out-
put of the ODMR spectra directly relates to the magnetic
field sensitivity, the data near the zero crossing point of
the outermost (111) resonances are determined by applying
linear fits around the zero crossing. This provides a cali-
bration with which to convert units of voltage into those of
magnetic field. We then take 160 FFTs when monitoring
the zero crossing of the ODMR resonance.

Figure 6(a) shows the ODMR derivative spectrum under
the dual-magnet configuration, while Fig. 6(b) shows the
ODMR spectrum when using only the 25 × 25 × 13 mm
magnet as the bias field for the NVC ensemble. The
microwave parameters used for the experimental config-
uration corresponding to Fig. 6(a) are a microwave power
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(a) (b)

(c)

FIG. 6. (a) The ODMR spectrum using the Supermagnete W-
01-N and Q-25-25-13-N magnets. (b) The ODMR spectrum
using only the Supermagnete Q-25-25-13-N. (c) The spectral
density corresponding to the configurations in (a) and (b).

of 10 W, a frequency-modulation amplitude of 4500 kHz,
and a modulation frequency of 3.0307 kHz, while the
microwave parameters for Fig. 6(b) are a microwave
power of 0.2 W, a frequency-modulation amplitude of
350 kHz, and a modulation frequency of 3.0307 kHz.
To quantify the broadening due to using the dual-magnet
arrangement, ODMR spectra are taken in the absence of
frequency modulation with and without the 1-mm-cube
(Nd,Fe)B magnet; the ODMR line width under the dual-
magnet arrangement is 13.9 MHz, while it is 3.15 MHz
when using only the 25 × 25 × 13 mm magnet. For both
ODMR spectra, the microwave parameters are optimized
to yield the best sensitivity. The microwave frequency
is swept in a selected range with a frequency step size
of 20 kHz. The differences in sensitivity are shown in
Fig. 6(c); the sensitivity for the configuration correspond-
ing to Fig. 6(a) is (9 ± 1) nT/

√
Hz, while it is (0.8 ± 0.2)

nT/
√

Hz for the configuration in Fig. 6(b).

APPENDIX E: ODMR SPECTRA UNDER
DIFFERENT CONDITIONS

Figures 7(a) and 7(b) show ODMR spectra taken with
and without a 316-stainless-steel sample under the sen-
sor head. Figures 7(c) and 7(d) show the ODMR spectra
when the steel sample is under inspection with different
lift-off distances; the lift-off distances are between a range
of 1–4 mm and 1-mm increments are used. Figures 7(e)
and 7(f) show the ODMR spectra when the sensor head
is placed at different positions above the gradient-depth
sample. To highlight the resonance shifts, the outermost
NVC resonance is shown in Figs. 7(b), 7(d), and 7(f), these
correspond, respectively, to the dashed areas in Figs. 7(a),

(a) (b)

(c) (d)

(e) (f)

FIG. 7. ODMR spectra in different conditions. (a) Taken with
and without the 316-stainless-steel sample. (b) With a lift-off
from the steel from 1 mm to 4 mm. (c) For various positions
along the length of the gradient-depth steel sample. (b),(d),(f)
These spectra correspond to the dashed regions in (a), (c), and
(e) respectively: these are of the outermost right-hand-side NVC
resonance.

7(c), and 7(e). As is expected, the NVC ODMR resonances
shift correspondingly to the magnetic-flux-profile changes
over the NVC ensemble, which is caused by changing
magnetic properties near the sensor head.

APPENDIX F: SCAN DATA PROFILE

In Fig. 8, the scan results of the gradient-depth and
gradient-width samples are shown along with the cross-
section profile. When considering only the extent of the
percentage change shift (relative to our 0.6-V reference) in
the LIA output, we do see differences in the profiles for the
gradient-depth and gradient-width samples [see Figs. 8(b)
and 8(e)]; the differences in the depth are much clearer than
that of the width. To highlight the changes in the width, we
perform Lorentzian and Gaussian fits [19], as these fit the
data even though the slot defect does not have this shape. It
is found in our analysis that there is no distinct difference in
the obtained FWHM if we use a Lorentzian or a Gaussian
profile for the fits and thus we show only the Lorentzian
profiles.
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FIG. 8. (a),(d) The 2D scan images of the gradient-width and
gradient-depth samples. (b),(e) The percentage changes of the
LIA output voltage taken along the lines shown in (a) and (d),
which are parallel to the y axis. (c),(f) The percentage changes
of the LIA output voltage taken from six lines that are parallel to
the x axis in (a) and (d); four of the six lines are taken along the
damage area (lines 2–5), while two are taken along areas where
no damage is present (lines 1 and 6).

APPENDIX G: FINITE-ELEMENT MODELING
SIMULATIONS

All simulations are performed using the commercial
software COMSOL MULTIPHYSICS in the “Magnetic field,
No current” mode. A 2D magnetic flux profile simulated
using COMSOL is shown in Fig. 9. The simulations of the
damage in steel were three dimensional with the geometry
of the samples and defects corresponding to those listed
in the main text as shown in Fig. 10. The magnet grades
used for the simulation are the N45 magnet, for the 1-mm-
cube magnet, while the larger magnet has a magnet grade
of N42; both magnets have a relative magnetic field per-
meability of 1.05. The step sizes for Figs. 11(a) and 11(b)
are 0.25 mm along the x axis and 1 mm along the y axis.
The relative permeability of the 316 stainless steel is set to
1.02.

FIG. 9. The magnetic flux profile of a pair of bias fields is sim-
ulated using COMSOL. The inset shows an enlargement of the
region inside the dotted box including the small magnet and the
defect in the steel.

APPENDIX H: DYNAMIC RANGE

The dynamic range referred to in the main text is
the extent of the linear region of the lock-in amplifier
derivative signal of the NVC ODMR.

It is desirable to have a high dynamic range as the mea-
surements using the NVC can only be performed when
monitoring an NVC resonance. Application of a large
magnetic field will shift the resonance such that it is no
longer possible to gain any useful information regard-
ing the nature of the defects in a magnetic material. In
addition, having a high sensitivity is advantageous to pro-
vide a high signal-to-noise ratio for our measurements and
achieve a higher lift-off distance. For our measurements,
the photon-shot-noise-limited sensitivity of the diamond-
based magnetometer is given by

η = 4

3
√

3

h
gNVμB

�ν

C
√

I0
, (H1)

where �ν is the line width of an NVC resonance, C is
the measurement contrast (the reduction in fluorescence

FIG. 10. The setup of the COMSOL simulation: for simplicity,
the air space and mesh network have been ignored. The setup
shown here is for the gradient-depth sample. The detector here
refers to the diamond.
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FIG. 11. The 2D scan simulation results on two 316-stainless-
steel samples. (a) sample 1; (b) sample 2.

when on resonance compared to when not on resonance),
and I0 is the photon collection rate [46]. For our pur-
poses, it is desirable to achieve a high sensitivity with a
high dynamic range. To achieve a high dynamic range,
a large line width is required; however, this degrades the
sensitivity and thus reduces both the signal-to-noise and
the achievable lift-off of the sensor from the surface of
the material under inspection. In this work, a compromise
between the two is found through the use of highly inho-
mogeneous bias fields near to the diamond with a second
magnet to reduce the inhomogeneous bias field incident
upon the diamond. The highly inhomogeneous magnetic
flux across the active sensing area of the diamond leads to
a line width of 13.9 ± 0.1 MHz. Through using the NVC
gyromagnetic ratio (γ = 28 Hz/nT), the dynamic range is
estimated to be 0.5 mT. Significant benefits are expected
with the implementation of a proportional integral differen-
tial (PID) system that can track the NVC resonance, which
would extend the dynamic range while preventing any loss
in sensitivity [3].
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