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Endoscopic diamond magnetometer for cancer surgery
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Intraoperative measurements using magnetic sensors are a valuable technique in cancer surgery for
finding magnetic tracers. Here we present a fiber-coupled nitrogen-vacancy center magnetometer capable
of detecting iron oxide suspension (MagTrace™ from Endomagnetics Ltd.) used in breast cancer surg-
eries. Detection of an iron mass as low as 0.56 mg has been demonstrated, 100 times less than that of
a recommended dose at a maximum distance of 5.8 mm. Detection of an iron concentration as low as
2.8 mg/ml has also been demonstrated, 20 times less than a recommended dose. The maximum working
distance from the sensor can be as large as 14.6 mm for higher concentrations. The sensor head has a max-
imum diameter of 10 mm which would allow it to be used for endoscopy, laparoscopy, and intraoperative
surgery.

DOI: 10.1103/znt3-988w

I. INTRODUCTION

Nontoxic and nonradioactive techniques for finding
metastasized breast cancer in lymph nodes are becoming
more prevalent in hospitals around the world as magnetic
based sensors have developed and are able to be used
in place of blue dyes and radioisotopes [1–6]. Radioiso-
topes, detected using a gamma probe, are expensive and
not available in all hospitals. Furthermore, using radioiso-
topes exposes the medical team and the patient to radiation
which is preferably avoided. Blue dye can be injected
into the primary tumor and accumulates in the sentinel
lymph node over time, highlighting its location to the sur-
geon through visual inspection. Allergic reactions to blue
dye have been reported in approximately one in a hun-
dred patients [7–11]. Blue dyes also can cause long-term
staining of the skin at the injection site.

To mitigate the risks associated with these techniques,
magnetic sensors have been increasingly utilized in sen-
tinel lymph node biopsy (SLNB) to provide detection
of nontoxic superparamagnetic iron oxide nanoparticles
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[12–15] suspended in liquid which can be injected into the
patient from 20 min to 2 weeks before surgery. Magnetic
detection can have two operating modes, one using alter-
nating current (ac) and a coil to generate an ac magnetic
field [16–18] and the other using permanent magnets [19].
Alternating current field methods cause the target to pro-
duce an ac magnetic field which is detected. Heating of
tissue due to the frequency and amplitude of the nearby
probe through Joule heating is also an issue. [20–22].

Nitrogen-vacancy (N-V) center magnetometry couples
high dynamic range [23–25] and high magnetic sensitiv-
ity [26–29] with small sensing volumes (e.g., 1 mm3 or
less) [23,28,30–33]. The small sensor size is appropri-
ate for SLNB applications because it reduces the volume
inserted into the patient reducing trauma and bruising. Fur-
thermore, for laparoscopic surgeries, probes are limited in
size by the trocar used in these procedures, typically to 12
mm diameter, which highlights the need for small probes
[34]. The ability to fiber-couple the diamond also provides
more maneuverability when compared with a solid rod or
rigid baton found in other devices [20,35]. Sensing of mag-
netic fields using N-V centers in diamond has previously
been used to detect magnetic nanoparticles for sensing
in biomedical tissue [35,36]. One design had a nonmo-
bile sensor head for imaging cells that had been removed
from the patient or animal [36]. The other had a sensor
head that is 20 mm in diameter, which is too large for
these surgical applications, as well as an ac sensitivity of
57 nT/

√
Hz [35].
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Here we present an endoscopic fiber-coupled diamond
magnetometer with a maximum diameter of 10 mm. This
diameter makes the probe applicable for use in endoscopic,
laparoscopic, and intraoperative surgical procedures. Its
compact design is achieved by using a small permanent
magnet, attached to the probe head, for both a bias field
and inducing fields in the sample. This eliminates the need
for bulky ac excitation and cancelation coils, as well as
the need to provide power to the sensor head. The probe
can detect iron oxide nanoparticles at concentrations as
low as 2.8 mg/ml at a distance of 5.8 mm, with a max-
imum detection range of 14.6 mm at the highest tested
concentration of 28 mg/ml. The system has an unshielded
sensitivity of 12.3 ± 4.1 nT/

√
Hz between 0.5 and 10 Hz.

Unlike conventional N-V magnetometers that require a
stationary permanent magnet bias field, our design incor-
porates a bias magnet attached to the probe, allowing it to
move without losing sensitivity. This feature is essential
for handheld magnetometer probes in applications such as
medical surgery.

II. EXPERIMENTAL DETAIL AND METHOD

The optoelectronic setup is shown in Fig. 1(a). A Laser
Quantum 532-nm GEM laser is used for excitation of
the N-V ensemble in the diamond. A laser power of 250
mW is used with approximately 150 mW measured at the
diamond, after accounting for losses through the system
including the beam splitter and fiber-coupling efficiency.
The optical system is inside a rack on wheels for increased
mobility. The fiber used is a Thorlabs FG910UEC. The
fiber is 1.5 m long with a core diameter of 910 µm (0.22
NA) and with a steel ferrule connector/physical contact
(FCPC) connector on one end and a cut bare fiber exposed
on the other end. The diameter of the fiber is larger than the
size of the diamond to increase light collection. The FCPC
connector is fastened to a Thorlabs SM1FC 2.2-mm-wide
key FCPC terminated fiber adapter inside the optics box.
The fiber is fed through and out the back of the optics
box. The diamond is directly coupled to the bare-fiber
end, seated and secured in place using glue (Loctite 401).
During the seating process, the laser was on and photo-
luminescence (PL) was collected from the diamond. While
the glue was still viscous, the diamond was gently adjusted
using tweezers to maximize the PL collection, measured
using a PicoScope 5442D Series oscilloscope. Once the
best PL level was achieved, the laser was turned off and
the glue was left to cure. A coaxial cable was attached to
the side of the fiber, running the length of the fiber but sep-
arating off before the fiber goes into the optics box, with
the coaxial cable connecting to the microwave source. The
coaxial cable has a SubMiniature version A adapter on one
end and exposed metal shielding and copper core on the
other. The coaxial cable was attached to the fiber such that
the exposed copper core of the coaxial cable was as close

(a)

(b)

(c)

FIG. 1. (a) Diagram of the scanning magnetometry setup (ND,
neutral density filter; BD, balanced detector; DM, dichroic mir-
ror, MW, microwave; LPF, long-pass filter). (b) The diamond is
directly coupled with glue to the end of a polished fiber. An MW
loop is attached and glued in place and soldered to a coaxial
cable. A bias magnet is placed and secured in place to provide
resonance splitting. (c) Photo of the probe head with ruler for
scale.

as possible to the diamond. A length of 0.4-mm-diameter
copper wire was wrapped fully around the diamond with
one turn, and the ends were soldered to the metallic shield-
ing and the core of the coaxial cable. Microwaves were
then sent to the probe head through the copper wire to pro-
duce an optically detected magnetic resonance (ODMR)
spectrum, measured by the PicoScope using the lock-in
amplifier (LIA) scaled demodulated output. The copper
wire was adjusted in shape using tweezers to maximize the
ODMR contrast. Further glue was then used to secure the
copper wire in place around the diamond. The tip of the
fiber, including the diamond and coaxial cable, is coated
in thermal paste to help with heat transfer away from the
diamond to prevent the glue from failing and to increase
PL collection by using the paste to scatter light into the
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FIG. 2. Optically detected magnetic resonance spectrum after
the neodymium magnet was aligned close to a [100] orientation
and secured in place.

fiber. The fiber end and coaxial cable is then covered with a
heatshrink cap (HellermannTyton Polyolefin Cross Linked
10-mm expanded diameter) to protect the diamond, copper
loop, and thermal paste and make the device light-tight.
The resulting maximum diameter is 10 mm.

Both the laser excitation light and red PL from the
diamond travel through the same fiber. The PL from the
diamond is separated out using a dichroic mirror (Thor-
labs DMSP650) to be focused using an aspheric lens,
onto one of the two photodiodes of a balanced detector
(Thorlabs PD450A). The other photodiode takes a refer-
ence beam from the laser, directed using a beam sampler
and mirror and passing through a neutral density filter.
This is done to cancel common mode noise from the
laser. The input power of both photodiodes is balanced
when the microwaves are on resonance to get the best
cancelation when magnetically sensitive. The balanced
detector output is passed to a Zurich MFLI dc 500-kHz
LIA. The microwaves are provided by an Agilent N5172B.
A microwave power of 10 dBm was used for all data
taken in this paper. The diamond used was a 0.5-mm-
cube, low-strain, 99.995%-12C chemical-vapor-deposition
-grown diamond by Element Six, polished on all sides.

A single N42 neodymium-iron-boron 2.5 × 7 × 2.5 mm
magnet is attached to the side of the end of the fiber.
An ODMR is used to determine where best to place the
magnet to provide close to a [100] alignment, so the four
peaks for the ms = 0 to ms = −1 transition overlap and the
four peaks for the ms = 0 to ms = +1 transition overlap
(Fig. 2). A [100] alignment was chosen to provide approx-
imately a 2.3 times improvement in sensitivity along the
[100] axis, considering a 4 times increase in contrast but
also considering the projection of the magnetic field along
the N-V symmetry axes giving a 0.58 times decrease in
measured field. The magnet was then secured in place
using glue.

The completed sensor setup was attached to a three-
dimensional (3D) printing stage to scan the sensor head in
a controlled XY-plane and to accurately adjust the height

of sample scans. A step size of 1.0 mm was used for the
X - and Y-axis movement.

III. RESULTS AND CONCLUSIONS

The original MagTraceTM (Endomagnetics Ltd) sus-
pension comes in a 2-ml vial containing approximately
55 ± 4 mg of iron in the form of iron oxide and 64
mg of carboxydextran. These are combined to form
carboxydextran-coated superparamagnetic iron oxide. This
gives an approximate concentration of 28 mg/ml of iron,
in the form of maghemite (the gamma phase of iron oxide
γ -Fe2O3) in the suspension. By measuring out specific vol-
umes of this suspension and mixing with water to dilute
it, varying concentrations of this suspension were made to
test the sensitivity of the magnetometer to changes in iron
oxide concentration.

To determine the minimum concentration of iron oxide
suspension the sensor could detect and at what distance,
twenty 200-µl vials were filled with increasing concen-
trations of iron oxide suspension. Each vial was 15.5 mm
long, with an outer diameter of 5.5 mm and inner diameter
of 4 mm, with a glass thickness of 1.5 mm. The concentra-
tions started at 0% and increased in 5% steps up to 100%.
The concentrations were made using a mix of MagTraceTM

(Endomagnetics Ltd) suspension and water, measured out
using an electronic pipette. A 3D printed jig was made to
hold the samples, with a hole the same diameter as the
vials in the center, secured onto the 3D printing stage. This
allowed the swapping out of vials while keeping their posi-
tion in the scan constant. The sensor head was scanned
over the same area each time to keep measurements consis-
tent. The scanned area was 40 × 40 mm with a separation
distance of 0.5 mm between the top of the vials and the sen-
sor tip. The magnetic image for each concentration shows
the change in LIA signal output, as a function of position,
caused by the proximity of the magnetic material shift-
ing the magnetic resonance frequency of the N-V centers
in the diamond [Fig. 3(a)]. For each point in the scan, a
measurement was made with a 0.5-s acquisition time at a
sampling rate of 13.39 kSa/s. The standard deviation of
each acquisition was also recorded and used as the error of
each pixel.

To confirm the detection of the varied concentrations,
line profiles were taken both along the X and Y axes,
across the spots seen in the image [Fig. 3(d)]. Due to the
dipole shape of the images, only the horizontal line profile
was used to calculated the signal-to-noise ratio (SNR) of
the measurement. This was because the vertical line pro-
file passed through the local minimum of the dipole and
provided no signal change.

The line profiles showed a derivative Gaussian profile
and a derivative Gaussian function was used to fit the data.
The SNR was calculated for the individual line profiles
by using the maximum value of the curve fit minus the
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(a)

(b)

(d)

(e)

(c)

FIG. 3. Measurement contrast decreases with concentration.
(a) 40 × 40 mm magnetic image scans for a selection of concen-
trations. Each scan took 8 min. (b) The horizontal and vertical
line profiles taken (red dashed lines) for the 100% concentration.
The approximate location of the vial is also shown (red dashed
circle). (c) An example vial used in this work. (c) X line profile
for 80% concentration. (d) Contrast of each concentration using
the maximum and minimum of the Gaussian derivative fits.

minimum value of the curve fit, divided by the signal stan-
dard deviation [Fig. 3(e)]. The lowest concentration with
an SNR above 1 was 10% concentration, with an SNR of
2.0 ± 0.3. This was taken as the lowest concentration that
could be reliably detected. Ten percent concentration of the
200-µl vial used equates to a volume of 20 µl. This equates
to an approximate iron mass of 0.56 mg. Therefore, the
sensor has shown to be capable of detecting 0.56 mg of
iron in 200 µl of suspension or 2.8 mg/ml, at a distance of
0.5 mm from the sample.

To determine the maximum separation distance at which
each concentration could be detected, each concentration
was placed in turn into the jig with the sensor head placed
directly above it. The sensor head was lowered until con-
tact was made with the sample and then increased in
height up to 40 mm away in steps of 0.5 mm. At each
step, a 0.5-s measurement was made. This measurement
was repeated five times and an average line profile taken.
Figure 4(a) shows that the signal tends toward a base value
with increasing distance. The magnetic field strength is
inversely proportional to the distance from the source, B ∝
1/rn, where n is −1 for a current- carrying wire and −3 for
a dipole. A power-law curve of the form f (x) = a + bxc

was fitted to these measurements to check if these measure-
ments followed the expected power law pattern and to see
what was the value of the exponent. The fitted curve was
also used to determine the maximum working distance of
the magnetometer, for increasing concentrations. The fits
showed an exponent value that started at −2 for higher
concentrations and trended toward −1 at 10%.

The iron oxide suspension is superparamagnetic because
the size of the γ -Fe2O3 iron oxide nanoparticles is between
3.5 and 10 nm. Bulk γ -Fe2O3 is ferrimagnetic due to fer-
ric ions (Fe3+), with each ferric ion having a magnetic
moment of 5μB [37], where μB is the Bohr magneton. The
bias field magnet on the magnetometer sensor head will
induce a field in the sample as it gets closer, causing an
increase in the detected magnetic field. This behavior is
more complex than that of a simple dipole, which would
have a B ∝ r−3 or B ∝ r−1 relationship for near- and far-
field regimes, respectively. The iron oxide nanoparticles
may also cluster together to form a more complex magnetic
system. The magnetic field from the permanent bias mag-
net attached to the sensor has a field dropoff with distance
also. The orientation of this field relative to the sample
will also change how the field is induced in the sample.
The sample can be considered a finite volume of magnetic
moments and during measurement the integrated contri-
bution of all the individual moments across the sample is
being detected. Due to the nano-size nature of the parti-
cles, they will be susceptible to Brownian motion while
suspended in the solution, which could cause the exponent
value to deviate from n = −3. The overall result is many
individual dipoles, randomly distributed throughout a finite
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(a)

(b)

FIG. 4. The rate at which the signal changes with distance
varies with iron oxide concentration in the suspension. (a) The
change in lock-in amplifier (LIA) output voltage as the sensor
head is moved away from the sample. A power-law fitted curve
is shown for 100% (black) and 10% (red). The gray area shows
the noise floor. (b) The maximum working distance, the point
at which the fitted power-law curve increased by one standard
deviation, for each concentration.

volume contributing nonuniformly to the total detected sig-
nal, causing a deviation from the −1 or −3 exponent value
expected from a perfect dipole.

To determine the point at which the signal from the
sample is considered no longer detectable (the maximum
working distance of the magnetometer) a threshold value
of one standard deviation was used. For each concen-
tration, the fitted curve was used to determine the point
at which the curve went above the threshold value. The
results are shown in Fig. 4(b). As with the 2D scans, con-
centrations below 10% are not shown as the SNR was too
low. It is possible to conclude that the working distance
decreases with concentration, with the maximum working
distance for 100% concentration being 14.6 ± 2.2 mm and
the 10% concentration being the lowest concentration with
a working distance above 0, at 5.8 ± 4.23 mm.

In conclusion, we have demonstrated an endoscopic
fiber-coupled N-V diamond dc magnetometer with a max-
imum sensor head diameter of 10 mm capable of detecting
iron oxide nanoparticles in MagTraceTM suspension. The

lowest concentration detected was 2.8 mg/ml. The detec-
tion range of the lowest detectable concentration was 5.8 ±
4.2 mm. The maximum detection range of the probe was
14.6 ± 2.2 mm. Further improvements to the system could
include a smaller sensor head design, taking advantage of
the small size of the 0.5- mm3 diamond used for detec-
tion. This would help in making the magnetometer more
applicable to scenarios where sensing is needed in confined
spaces or to reduce physical trauma and obtrusiveness.
Increased sensitivity would improve the detection range
of iron oxide suspension as well as reduce the concentra-
tion that can be detected. Using more permanent magnets
around the probe would increase the SNR by inducing a
higher magnetic field in the sample.
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APPENDIX A: 2D SCANS LINE PROFILE FITTING

All 2D scans were summed together to determine where
the average signal strength was across all scans. Due to the
dipole shape of the signals, the 2D gradient of the image
in the X direction was used to determine the center of the
dipole feature by finding the position where the gradient
was the most negative. The X and Y coordinates of this
point were used to draw a line profile vertically and hori-
zontally through each of the individual 2D scans for each
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concentration. This then highlighted that, again due to the
dipole nature of the signal, the vertical line profile passed
through the center of the dipole where there was no sig-
nal change. The decision was made then to use only the
horizontal line profile.

For each line profile, a linear baseline between the first
and last data points was subtracted. This helped remove
any linear trend related to slow changes in signal over
the scan that are caused by temperature changes or slowly
varying magnetic fields. This also helped remove large
static background field gradients across the line profile.

After the line profile was processed, we found a Gaus-
sian derivative function of the form

f (x) = −A(x − μ)

σ 2 e− (x−μ)2

2σ2 + c, (A1)

where A is the peak amplitude, μ is the peak position or
zero-crossing point, σ is the standard deviation or width of
the peak, and c is a signal offset.

The difference between the maximum and minimum
values of the fit was taken as the signal amplitude (A2),

fa = f (xmax) − f (xmin). (A2)

This value was divided by the standard deviation of the
line profile data to find the SNR (A3),

SNR = fa
noise

. (A3)

The error on the SNR values was taken to be the sum of
squares of the relative error of the signal amplitude and the
signal noise,

σSNR = SNR ×
√(

σfa

fa

)2

+
(σnoise

noise

)2
, (A4)

where σfa is the error of the signal amplitude and σnoise is
the error of the signal standard deviation. The error of the
signal amplitude was found by using the square root of the
sum of the squares of the error of the fit at the x position of
the maximum and minimum values,

σfa =
√

σ 2
f (xmax) + σ 2

f (xmin). (A5)

The error of the fitting function was found using the square
root of the sum of squares of the partial derivative of the

fitting function with respect to each parameter:

∂A =
(

∂f
∂A

σA

)2

, (A6)

∂μ =
(

∂f
∂μ

σμ

)2

, (A7)

∂σ =
(

∂f
∂σ

σσ

)2

, (A8)

∂c =
(

∂f
∂c

σc

)2

, (A9)

σf = √
∂A + ∂μ + ∂σ + ∂c. (A10)

The 95% confidence intervals of the fitting parameters
were used as the errors for each parameter.

APPENDIX B: SIGNAL VERSUS HEIGHT LINE
PROFILE FITTING

Five height line profiles (line profiles moving in the
z direction away from the sample) were taken for each
concentration. Each of the five height line profiles was
baselined by subtracting the last data point, the signal fur-
thest from the sample, from the line profile. The baselined
data were then fitted with a power-law function of the form

f (x) = a + bxc, (B1)

where a is the baseline shift, b is the peak amplitude, and c
is the growth parameter.

A value of the fitting parameter a plus one standard devi-
ation was used as a threshold value and the point at which
the fitted curve went above this threshold value was used
as the point at which the signal was deemed above the
noise floor and therefore detected. This was called the max-
imum working distance. The standard deviation value was
found by measuring the background signal (i.e., no sample
in place) over the same height line profile and taking the
standard deviation.

This was repeated for each of the five profiles taken. The
average maximum working distance was then used as well
as the standard deviations of these distances as the error.

APPENDIX C: LARGER SENSOR HEAD DESIGN
AND CHANGES IN ODMR SPECTRA

Previous designs to the one shown in the main paper
used two bias magnets placed back from the diamond but
not in line with each other. The magnets were rotated
around the diameter of the fiber in opposite directions
(Fig. 5). This was again to achieve a [100] bias field align-
ment with the diamond. The diamond, although still glued
directly to the front of the fiber, was in a different position
than for the work in the main paper.
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FIG. 5. A previous design that was large, utilized two bias
magnets and aluminum foil and tape to help with reflecting
fluorescence and making light-tight.

This configuration of magnet position relative to the
probe head, diamond, and the samples caused a different
response in fluorescence where a Gaussian dip was seen
rather than a derivative shape (Fig. 6). The pair of mag-
nets were positioned so that both the north poles were in
the same direction, which resulted in an increase in over-
all field amplitude around the sensor head. This increase in
field around the sensor tip would have caused an induced
field on the sample that was larger than with the current
single-magnet setup, producing a larger response signal to
detect. The extra magnet was removed, however, to reduce
the overall diameter of the probe. Although the induced
field would have been larger, the measurement contrast and
maximum working distance calculated from this dataset
were lower than that of this current configuration. This was
due to the broader ODMR spectrum obtained from this
configuration. Although the bias field alignment with the
two magnets was such that a [100] alignment was seen, a
much broader frequency modulation of amplitude 5 MHz
was used, compared with 0.5 MHz for the current sensor
head design. This broader ODMR spectrum caused the flu-
orescence response to be both weaker and nonlinear due
to the convolution of the now broadened individual peaks
creating a single broad peak [Fig. 7(a)].

The ODMR used in Fig. 2, where a single peak can
be selected at a particular frequency that corresponds
to one of four possible sensitive axes in the diamond,
responds proportionally to the field strength along the
corresponding N-V symmetry axis as described by the Zee-
man effect. However, with the single broad peak being
made of an overlap of four separate broad peaks, sig-
nal response is not simply from the increase or decrease
in resonance frequency but is now due to the four sepa-
rate peaks moving up and down the resonance frequency
range in different directions relative to each other. This
then means the signal response measured is due to the
overall broadness of the single peak changing as the convo-
lution of these four separate peaks changes. A simulation
that solves the N-V center ground-state Hamiltonian to
calculate the resonance frequencies for an applied bias

(a)

(b)

FIG. 6. A change in the magnet configuration results in a
change in the measured field pattern while scanning over sam-
ples. (a) A 20 × 20 mm scan of a 100% concentration sample
using the old probe configuration. (b) The Gaussian fits for the
horizontal (black) and vertical (red) line profiles over the signal.

field and test field was used to generate ODMR spec-
tra. The ODMR simulation was used to generate spectra
for both a 0.5-MHz and a 5-MHz linewidth, to simu-
late broadening from an increased modulation amplitude.
An initial [100] bias field with a small off-axis field was
applied, to simulate the imperfect position of the bias
magnet on the sensor head [Fig. 7(a)]. The ODMR with
the 5-MHz linewidth was first generated and then a mea-
surement point at the zero-crossing resonance frequency
of the first peak was chosen. An applied test field along
each of the three magnetic field axes of −100 µT to
100 µT was applied and the change in signal at the zero-
crossing point was measured [Fig. 7(b)]. Sweeping the
By component, for example, is dramatically different for
the broad single peak compared to the many unbroadened
peaks.

These changes in signal response due to the difference
in modulation amplitude are most likely the reason for the
difference between the two datasets, becoming the most
dominant effect over the increase in signal strength due to
the addition of an extra magnet.
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(a)

(b)

FIG. 7. By simulating the ODMR spectra of an imperfect
[100] alignment with 500-kHz and 5-MHz broadened peaks, the
overall shape and therefore the signal response due to external
fields changes. (a) The simulated ODMR spectrum for 500 kHz
(red) and 5 MHz (black) peak broadening (b) The signal response
at the same point in both ODMR spectra, as an applied By field
is swept between −100 µT and 100 µT.

APPENDIX D: SENSITIVITY

To determine the sensitivity of the magnetometer, three
fast Fourier transforms (FFTs) were measured while the
microwave frequency was set to the zero-crossing point
of the central peak of the left-hand side group of peaks
(the ms = −1 transition peaks) in the ODMR spectrum.
The FFTs were taken using a PicoScope 5442D at a sam-
pling rate of 1 kHz. The measured signal was amplified
by 500 times by the LIA before going into the PicoScope.
The average of the three FFTs was used to determine the
average noise value between 0.5 and 10 Hz as shown in
Fig. 8, 10 Hz being the upper limit as a low-pass filter with
a 3-dB point of 10 Hz was used to reduce noise. Each FFT
was taken with a rectangular window applied. This aver-
age value in units of dBu was converted to volts by V =
Vref × 10dBu/20 with the reference voltage Vref = 0.775 V.
This unit of voltage was then converted to units of nan-
otesla using the gradient of the chosen ODMR peak and the
gyromagnetic ratio for the N-V center. The gradient of the
peak was measured using a linear fit to be approximately
0.22 V/MHz and the gyromagnetic ratio of the N-V cen-
ter is known to be 28 GHz/T. These two units then give a

FIG. 8. The average amplitude spectral density from the fast
Fourier transforms of three time traces that each lasted 16 min.
and 20 s. The red dashed line shows the average value between
0.5 and 10 Hz of 12.3 ± 4.1 nT/Hz1/2.

calibration constant of 6.16 × 10−6 V/nT. Using this cali-
bration constant, the average FFT value was found to be
12.3 ± 4.1 nT/Hz1/2 between 0.5 and 10 Hz. This was
taken to be the unshielded sensitivity of the magnetometer.

The fiber core and microwave loop are approximately
the same diameter as the size of the diamond, 0.5 mm.
This causes the N-V centers to experience inhomoge-
neous microwave (B1) and static magnetic (B0) fields.
This leads to a spread of Rabi frequencies and resonance
conditions across the across the PL collection region,
resulting in broadened, lower-contrast ODMR peaks due
to the averaging of signals from N-Vs with varying local
fields—ultimately limiting spectral resolution and magne-
tometer sensitivity. The B0 field inhomogeneity is most
likely the larger limiting factor of sensitivity.
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