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Magnetism is mysterious thing. Despite magnetic fields being everywhere, from the one generated
by the Earth and surrounding us, to the tiny ones within the molecules of our body, they remain
invisible to the human eye, hidden to our senses. Over the years, however, the development of sensing
techniques allowing the observation, understanding and control of magnetism have led to a series
of revolutions from the first compass used for navigation to the MRI scanner used every day in our
hospitals. Yet, classical technologies are now reaching their limits.

Measuring minute magnetic fields with NV centers in diamond

Quantum sensors, which leverage the extreme sensitivity of quantum systems to their environment,
offer radically new performance. Their ability to measure weak signals down to the single molecule
level unlock new perspectives in early stage diagnostics, in the development of novel energy-efficient
electronics circuits as well as in security. Among the existing technological platforms, quantum sensors
based on so-called NV centers (or nitrogen-vacancy centers) in diamond stand out.

Diamond is a wonder material on
many fronts. It is robust, inert
and bio-compatible, allowing for non-
perturbing measurement in the most
challenging environments. Ultra-high-
quality diamond is produced industri-
ally while microfabrication processes
allow to functionalize and cut the di-
amond with the same techniques as
in the silicon industry. Diamond is
also the perfect material for a quan-
tum sensor. The diamonds used for
quantum applications contain defects Fig. 1: Measuring the invisible. a) Magnetic fields at the surface
in their crystal lattice, where two car- of the Earth (Credits Earth Bytes). b) Brain activity revealed by
bon atoms have been swapped for a magnetic resonance imaging (MRI)
nitrogen atom and a vacant site imme-
diately alongside. These defects are known as nitrogen-vacancy centers (NV centers) and can also
occur in natural diamonds, where they impart a reddish color to the precious stones (see Figure 2 a
and b). By trapping one extra electron, NV centers can be turned into a microscopic compass - a spin -
with atomic size. Through precise manipulation and measurement of the state of this NV spin, one can
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measure the smallest changes in the surrounding magnetic field, a technique called NV magnetometry.

NV magnetometry: how it works

NV magnetometry relies on the interaction between the NV center and the surrounding magnetic
field. The presence of a magnetic field manifests by a modification of the energies of the NV center
spin states. Typical data from an NV magnetometer is shown in Figure 2c. The effect of the magnetic
field is readily seen in the modification of the NV center microwave excitation spectrum. A crucial
advantage of NV magnetometry comes from the well understood behavior of the NV center spin
transition frequencies, which provide unambiguous information about the strength and the direction of
the magnetic field. This ability to provide self-calibrated, quantitative data, combined with a very
high reproducibility (each and every NV center is the same) are key intrinsic features of NV-based
quantum Ssensors.

But the principal advantage of quan-
tum sensors lies in their sensitivity to
very small signals. Specifically, the sen-
sitivity of an NV magnetometer to DC
magnetic fields depends on 1) the den-
sity of NV centers within the diamond
chip, 2) the quantum coherence of said
NVs, and 3) the efficiency of the op-
tical read-out. Theoretical sensitivi-
ties range from one micro Tesla per
second integration time for single NV
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Using micro-fabrication techniques in-
spired by the silicon industry Qnami
has developed proprietary processes to
produce advanced NV diamond chips

Fig. 2: NV Magnetometry. a) Nitrogen-vacancy center in the
diamond crystal. b) A diamond crystal (top) emits red light upon
illumination with a green laser (bottom), the signature of NV centers
in the crystal (Credits Hatano-Iwasaki Lab, Tokyo Institute of which leaves their quantum properties
Technology) ¢) ODMR spectra as a function of the external magnetic intact (see Figure 2 d).

field (1G = 1 Gauss = 0.01 mT). d) NV diamond by Qnami. The
surface has been engineered into an array of scanning probes in
a way to maximize light extraction while preserving the quantum
coherence of the embedded NV centers. Both aspects contribute to of applications going from navigation
a high sensitivity. to diagnostics, to electronics. For in-

stance, NV sensors are being developed

for navigation, where they allow for a
reliable positioning on the surface of the Earth, similar to the GPS, but with the advantage of being
free of any requirement of communication with an external device (like a satellite). Such navigation
systems are not only of great importance for defense, but could also apply in the context of autonomous
vehicles, as a safety back up for the cases of failing GPS connections. In healthcare, NV sensors are
being developed to enable the detection of ultra-low concentrations of target biomarkers, removing the
need for large test samples and offering new perspective in early diagnostics. Finally, in electronics NV

The ability to measure small mag-
netic fields is key for a large variety
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sensors can be applied in quality control of integrated circuits. There, the measurement of magnetic
field patterns allows tracing electrical currents in a microchip and potentially identifying manufacturing
defects or deviations from the intended design.

The requirements on the NV sensors may vary depending on their use but such magnetometers
always comprises the following core components:

e an NV diamond chip,

o an excitation source (typically a green laser diode),

o a high sensitivity optical detector (typically a single photon counter),
 a tunable microwave source (2.5-3.5GHz range).

Depending on the application, these elements can either be integrated around the diamond chip to
make a compact sensor or left as separate components of a larger system. While the former option is
well suited for the mobile measurement of weak, diffuse signals, the latter is favored for the study of
small signals with microscopic origin.

In practice — and this represents an additional key feature of NV sensors — the atomic size of the
NV center offers the possibility to produce magnetic maps with nanometer spatial resolution. But
such applications faces a further challenge: the necessity to bring the NV sensors in extremely close
proximity to the magnetic source.

Nanoscale NV magnetometry

In a similar way to classical mag-
netic field sensors, which are moved
around the Earth by satellites and air-
planes in order to map the Earth’s
magnetic field (see Figure 1), quan-
tum sensors can be precisely maneu-
vered over tiny magnetic structures
to map and visualize magnetic prop-
erties with nanoscale spatial resolu-
tion. This is achieved through a tech-
nique called Scanning NV Magnetom-
etry.

Scanning NV magnetometry relies
on the use of a sharp, microscopic NV
diamond tip, which is scanned at a con-
trolled distance of just a few nanometer
from a sample. As the tip flies over the
surface, both the sample’s topography
and its magnetic textures are recorded,
producing unique images in nanoscale

Fig. 3: Scanning NV Magnetometry. a) Image of a Quan-
resolution. tilever MX recorded with a scanning electron microscope. b) and
¢) Images of the magnetic textures at the surface of antiferromag-
nets BiFeO3 and Mn3GaN. The data is obtained using the Qnami
ProteusQ (d), the first commercial scanning NV magnetometer,
developed by Qnami in partnership with Horiba Scientific.

In order to provide the best spatial
resolution, the NV center is brought in
very close proximity to the tip apex.
Indeed, while the tip’s radius of curva-
ture determines the lateral resolution
for the topography image, the distance between the NV center and the sample surface determines the
lateral resolution for the magnetic image. The patented Quantilever MX design from Qnami, brings
the NV center as close as ten nanometers away from the tip apex, offering the highest spatial resolution
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amongst all existing magnetometers. Remarkably, the Quantilever MX design simultaneously ensures
an efficient routing of the NV optical signal, thereby maximizing sensitivity and overall performance.

Figure 3 illustrates the outstanding performance of scanning NV magnetometry. The images reveal
the magnetic textures at the surface of a very special class of magnets known as antiferromagnets,
whose peculiar properties have generated strong interest for the next generation of low-power electronic
devices. Yet, despite the craze around such materials, the direct observation of their magnetic properties
has remained a challenge, possible only with large scale instruments such as synchrotron light sources.
Here, the data have been recorded using the Qnami ProteusQ, a complete quantum microscope and
the first commercially available Scanning NV Magnetometer. This table-top system was developed
by Qnami in partnership with Horiba Scientific. Compared to the previously available approach
for nanoscale studies of antiferromagnets, which was based on synchrotron light sources, the Qnami
ProteusQ offers simple operation, fast sample turnaround times, easy integration of Quantilevers as
well as a leap in precision, through a 10x improvement in spatial resolution.

These features are key for the study of a new generation of advanced materials for spintronics
applications, including ultra-thin ferromagnets, antiferromagnets, multiferroics, 2D materials and more.
In addition, beyond the fundamental study of such materials, the on-going development of MRAM
technology is shining light on the needs of the semiconductor industry to access new metrology tools
and standards. While magnetic properties of materials have been largely ignored for electronic devices,
the electronics of tomorrow is taking a new spin, and NV magnetometry will make decisive contribution.
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