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Abstract — Nitrogen-vacancy centers in diamond allow
measurement of enviromental properties such as mag-
netic and electric fields at nanoscale. The working prin-
ciple is based on the measurement of the resonance fre-
quency shift of Nitrogen-vacancy centers, detected by
monitoring the photoluminescence of one single center
or an ensemble of them. Here we present a high sen-
sitivity magnetometry technique, based on lock-in de-
tection, with particular features required for biological
applications.

I. INTRODUCTION

High sensitivity magnetometry is of great importance
for several research fields, for instance, biological science
and medicine. Magnetic sensing techniques are employed
to map brain activity[25, 2, 3, 4] or measure the magnetic
field produced by electrical currents in the heart[5]. Mag-
netometers based on NV centers in diamond represent a
valid alternative to existing devices, and they can lead to a
new generation of non-invasive detection methods. Indeed,
their biocompatibility [6, 26, 8, 9, 10, 11] and efficiency at
room temperature are important advantages for this kind of
applications. Also, a low optical power and a small sens-
ing volume are necessary to extend N'V-magnetometry to
single living cells.

The presented work is characterized by a sensing vol-
ume of 1 um?, that will allows intercellular resolution. An
optical power of 80 mW is applied for 7,,¢q0ns = 10 ms.
A cell can probably not sustain this value of optical irra-
diance, but using this power is possible to define a lower
bound to biocompatible sensitivity.

In the NV centers electronic ground state, the applica-
tion of a magnetic field removes the degeneration between
mg = =1 spin states. Their separation in frequency is
proportional to the component By of the field along the
NV-axis:
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Fig. 1. ODMR spectrum of an ensemble of NV centers. The
three dips due to the Hyperfine Coupling with "N nucleus
are labelled with the letters A,B,C

hAv = 29HBBNV (1)

where g is the g-factor and pp the Bohr magneton.
This two states present a decrease in the photolumines-
cence with respect to ms = 0 state. To detect this phe-
nomenon, NV centers have to be driven by microwave
of a particular frequency of 2.87 GHz: this technique
takes the name of Optically Detected Magnetic Resonance
(ODMR)[12, 13, 14, 15]. An example of ODMR spec-
trum is presented in Fig. 1, where it is possible to note
the three dips structure due to the hyperfine coupling with
the N nucleus. The application of a magnetic field will
shift the ODMR spectrum, and so the applied magnetic
field can be measured detecting the shift in the ODMR
spectrum[16, 17, 18, 19].



II. EXPERIMENTAL
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Fig. 2. (a) Schematic representation of the implemented
setup. The optical excitation using a green laser, the
microwave(uw) control, the collection of the red photo-
luminescence and the lock-in detection are depicted. (b)
Image of the diamond sample and of controlled tempera-
ture chamber. The permanent magnet and the coil for the
magnetic control are also shown.

Our setup consists of an inverted microscope, adapted to
confocal measurements with single-photon sensitivity, see
Fig. 2 The sensor consists of a CVD diamond sample by
Element Six of dimension 3 x 3 x 0.3 mm?®. The sensing
volume is 10 nm thick layer of NV centers at a depht of 15
nm with a concentration of nyy) = 3 X 109em=3.

The diamond sample was mounted on a microwave pla-
nar ring antenna. The microwave control was obtained by a
commercial microwave(MW) generator, whose central fre-
quency was internally modulated a frequency f,,0q4. The
output MW signal was amplified and then sent to the mi-
crowave antenna. Excitation light at 532 nm was focused
on the bottom side of the diamond sample through an air
objective. The emitted photoluminescence (PL), spectrally
filtered with notch and long-pass filter at 650 nm, was col-
lected and detected with two different acquisition systems.
The 4% of the total PL was sent on a single photon detector
(SPD). The signal from the SPD was used for the ODMR
spectrum acquisition. The remaining 96% of the emitted
PL was collected by NA=0.25 objective (Olympus 10x)
and imaged onto a bias photodetector. The signal from the

photodiode was sent to the input channel of a lock-in am-
plifier (LIA). A signal generator gives the reference signal
for the lock-in amplifier and for the frequency modulation
of MW. An external magnetic field was applied to the dia-
mond sample using a permanent magnet fixed on a transla-
tion stage, allowing micrometric movement along the three
spatial axes. The sample is located in a temperature con-
trolled chamber.

The modulating signal is centered at the resonance dip
and has an amplitude equal to the full- width half maxi-
mum of the resonance, see Fig. 3 (a). This implies that
the resulting photoluminescence signal read by the LIA
is also modulated at the same frequency. As depicted in
Fig. 3 (b), the demodulated LIA signal present a linear
zone centered around the dip of the original ODMR spec-
trum. In this region, a shift in the ODMR spectrum results
in a linear change of the LIA signal. This implies that a
change in the applied magnetic field, causing a linear shift
in the ODMR spectrum, results in a linear change in the
LIA signal[20, 21, 22].

III. RESULTS

In Fig. 4 (a) is plotted the LIA signal in function of the
MW frequency, for the same resonances considered in Fig.
1. There are three zones where the LIA signal is directly
proportional to the resonance shift and hence to the applied
field. The figure of merit of the LIA detection method is
the slope of the curve in the linear zone.

Addressing all the three resonances simultaneously is
possible to increase the slope of the curve of a factor 2[27].
For simultaneous hyperfine driving, the MW was mixed
via a double-balanced mixer with a 2.16 MHz sinewave to
create three simultaneous driving modulated frequencies
near the central frequency. In this way, three frequency
modulated MW tones separated by the hyperfine splitting
A, = 2.16 MHz are sent to the sample. When the cen-
ter tone is at the frequency of the center resonances, all
three resonance are excited and the slope of the curve is
enhanced. An example of LIA spectrum for multiple fre-
quency excitation is presented in 4 (b). With this method a
magnetic sensitivity of 42.9 + 1.9 nT/Hz'/? was obtained.

Furthermore, NV defects can be used like temperature
sensors. A change of temperature causes a shift in the
ODMR spectrum, but in this case the two dips, correspond-
ing to mg = =1 spin states, shift in the same direction.
The effect of temperature and magnetic field can be decou-
pled addressing both dips simultaneously but with the op-
purtune phase differences wojciechowski2018precision. In
alternative, by adopting a simple continuous-wave lock-in
based technique and a field aligned orthogonal to NV axis
[24], it is possible to reach an unprecedented temperature
sensitivity value of 4.8mK/Hz'/? in zm?®, in an appropriate
no magnetic sensitive regime. It has to be underlined that,
in order to do temperature measurement with micrometric
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Fig. 3. (a) Schematics of the lock-in detection technique.
The microwave signal is frequency modulated with an am-
pltude fqe,, at a frequency frod. faev i equal to the full-
width half maximum of the orignal ODMR signal. The re-
sulting photoluminescence signal will be also modulated
at frequency fmoq. (b)Schematics of the lock-in amplifier
(LIA) signal coming from the demodulation of the photolu-
minescence signal. The LIA signal present a minimum and
a maximum corresponding to the microwave frequencies of
maximum slope in the original ODMR signal, and a linear
zone between these two points.

resolution, the bulk diamond has probably to be replaced
by nanodiamonds. Due to the high thermal conductivity of
diamond, the temperature measured by the sensor relaxes
very fast to the temperature of the entire diamond substrate.

IV. CONCLUSIONS

We presented an experimental set-up for the measure-
ment of magnetic fields and temperature. The tech-
nique presented is based on the physical properties of the
NV center and use lock-in detection in order to improve
the sensitivity. This technique can be further improved,
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Fig. 4. Lock-in spectrum of an ensemble of NV centers.
(a) Single frequency excitation, the linear regions labelled
with letters A,B,C corresponds to the dips in Fig. 1(b)
Simultaneous Hyperfine driving, exciting simultaneously
with three frequencies, all the three dips are excited when
the center frequency corresponds to the central dips, and
hence the slope of the curve is enhanced

achieving even lower values of sensitivity, leading to mea-
surement of magnetic field in biological systems at an in-
tercellular scale.
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